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(57) Abstract: The present invention
includes time delay devices and time
delay systems. The invention also
includes machines and instruments
using those aspects of the invention.
The invention may also be used to
upgrade, repair, or refrofit existing
machines or instruments, using methods
and components known in the art. The
present invention comprises a true time
device that falls into the free-space
category but uses a multiple-pass optical
cell with a beam splitter (28) and
refocusing mirrors (13, 14, 24, 25) that
have the advantage of avoiding beam
spreading problems.  The approach
differs from previous free-space
approaches in that it uses only one
optical switch or spatial light modulator
(12) instead of one or more switches for
each bit. In one approach, a microwave
signal for each antenna element may be
modutated onto an optical beam. After
the individual opticat bears are delayed
by the desired amount of time through

the system, the signal may then be
down-converted to microwave signals for
further processing. Thi process may be
used in either the transmit or the receive
mode of a phased array radar,




The invention may al so be used to wupgrade, repair, or retrofit existing
machi nes or instrunents, using nethods and conponents known i r

The present invention conprises a true tinme device that fal |25i[ ?E&ﬁ@ﬁ‘t
free-space category but uses a nultiple-pass optical cell wth a beam
splitter (28) and refocusing mrrors (13, 14, 24, 25) that have the
advant age of avoi di ng beam spreadi ng probl ens. The approach differs from

previ ous free-spa qyical switch or
spatial |ight rmd%ﬁat or ?W Pf[d’éﬁﬁy‘)& e svmtc es for each
bit. In one approach, a m antenna el ement may be
nodul at ed onto an optical_beam After the | ) optical beans are
del ayed by the desired HiEMCALEELRQ L-'—-- hetS¥stem the signal may
then be down-converted to microwave signals for further processing. This
process may The prassmsdnyention isHathe field of Smendedayoleviaes, suek as these thatmaytbeased
phased array radar.

for the control of phased-array radars, communication systems, or correlators.

BACKGROUND OF THE INVENTION
This invention relates to apparatus for producing true-time delay devices, such as those
useful in the control of phased array radars. It is desirable to use'a system that produces signals to
control the timing of the emission of each of a pluralitﬂi of electromagnetic radiation beams,
delaying each of them in time by some time increment. The delay in each signal should be
capable of being controlled independently of the other signals.

Phased array radars have the advantage that the radar beams can be steered electronically
by changing the phase or timing of the signal radiated by the individual elements of the array.
Often, this is accomplished by controlling the phase of the signals applied to the array elements.
This ptocedure introduces undesirable squint if very short pulses or broad bandwidths are
required. True time delay offers a scheme for controlling the elements without squint even with |
broadband signals.

Electronically implementing the true time delays is generally impractical because of the
need for many long lengths of strip line, waveguides, or coaxial cable, which are expensive,
bulky, and temperature sensitive. Because long paths are comparatively easy to obtain optically,
photonic systems present a means of obtaining the beam agility of array systems eombined with
wide bandwidth. Approaches to true time delay tend to fall into two categories: those using
fibers and those ueing long free-space paths. Some fiber approaches use multiple optieal
switches or broadcast the light over all possible paths at once. Wavelength-division-multiplexing

schemes have recently been developed by use of fiber Bragg gratings. Free-space systems have
1



2 6 FEB 2004 DEVI CE FOR PRODUCI NG OPTI CALLY- CONTROLLED | NCREMENTAL TI ME
DELAYS TECHNI CAL FI ELD OF THE | NVENTI ON The present invention s, | h
field of time delay devices, such as those that may be used fz% FPEE 500‘?
control of phased-array radars, conmunication systens, or correlators.
BACKGROUND OF THE I NVENTION This invention relates to apparatus for
producing true-tinme del ay devices, such as those wuseful in the control of.
phased array radars. It is desirable to use a systemthat produces signals

to corflspmsadnaultinle ogticl swilshesnfos spiighisg e diwaws betwrenrseanenfiabpptical paths.

el ectromagnetic radi ati on beans, del aying each of themin tinme by sone tine
i ncr enBmse offtieal deitalyesiane esmally Hqujdztysedi based. be capabl e of being controlled .
i ndependently of the other signals. Phased array radars have the advantage

that the rai@ thbRfie a&dbjdeosthe eigsht GhamitibRid 6Rklc)a ddviceCfonBgtidcaAly E&@rﬁﬂ@se
or timng of the signal radiated by the individual elenents of the array.

O ten, kiShel Se136C R 1St - vE Ot lAqnt Aaidhasg Rf \ i ed
to thetr%é:lrngifl e?gfr;r&ents.lbslﬁlﬁﬁeméﬁg)’cfegd%%ﬁdlcnt Ir%du%:%é undes?%@ﬁ@%%%t [
very éﬁggn%%&gl ses or broad bandwi dths are required. True tinme delay offers

a sch controlling the elenments w thout squint even with broadband

signals. Electronically . nplenmentin he true tinme de|lays is generally

i npracti cal Alfaqughslesctoed rath segest todhe f Pﬁﬁ%}dr%ﬁ%%ft willheappresigted
wavegui des, or, coaxi al cable, which are expensive, bulky, and tenperature
sensi tthetsimBasivertagesnf optically medncingpes-tme elays,aa siglltag odisr advantages, owdyl v,
photoni c systens present a nmeans of obtaining the beamagility of array
syst enabt4ia b btherlapylichtionsiof éhelyreni itvéntiohp (Buch atemtdges tiaydetomieappateayto end
to fall into two categories: those using fibers and those using |ong

free- spRGE oﬁﬂﬁﬁﬁ skiPOiRhd AP Y 1i @R Bf B8 PRESnUSECIHré bPheouRpraclice oSkt Ches or
broadcast the Iight over all possible paths at once.

Vavel gpgt e di vi si on-nul ti pl exi ng
SUMMARY OF THE INVENTION

The present invention includes time delay devices and time delay systems. The invention
aiso includes machines and instrumenis using those aspects of the invention. The invention may
also be used to upgrade, repair, or retrofit existing machines or instruments, using methods and
cdmponents known in the art.

The present invention comprises a true time device that falls into the free-space category
but uses a multiple-pass optical cell with refocusing mirrors that has the advantage of avoiding
beam-spreading problems. This approach differs from previous free-space approaches in that it
uses only one optical switch or spatial light modulator instead of one or more switches for each
bit. In this approach the microwave signal for each antenna element may be modulated onto an
optical beam. After the individual optical beams are delayed by the desired amount of time, the
signals may then be down-converted to microwave signals for further processing. This process

may bé used in either the transmit or the receive mode of the phased array radar.



schenes have recently been devel oped by use of fiber Bragg gratings.

Free-space systens have 1 2 6 FEB 2004 al so used nultiple opti h W t ches
for switching the beans between sequential optical paths. Thegg 0§E58a2094
switches are usually liquid-crystal based. It is therefore an object of the
current invention to create a device for optically generating true tine
del ays that is inexpensive, is conpact in design, and is sufficiently

t enper at ur i ngensitive. Al.thpugh descrihed, with respect to.the field,of
bhabed. ar'r Ty DioRNEH Lrims, 5 ApYicq BT B EoE PR LY HeEoLE Bty e e G
optically producing true-tinme delays, as well as other advantages, ma

obt ai he Aregensdnvengipn comprisess (bf an ipup devien selpeiod dtam the Siown %W&ﬁ%déﬁ may
becone apparent to one of ordinary skill in the art in light of the

pr esensburdesadapedrie generbterindighdupl Aglitibeemsfor tatrays of/kghitibeams StdvVdieY o kevEidE

| NVENTI ON The present invention includes tine delay devices and tine del ay

syst efdlixectidas, () Ye@;%djﬁi_iabl@'iﬁi;ﬁjt | Agtor dapabIR o ire@sctiap dight From! TR irfput! Hevide i 0se
aspects of the invention. The invention may also be used to upgrade,

" ePal laigflnt! dlebds! (2 SR GplIEA U ETO Letdchd ﬁUHP&ESgr%ggf&&QisﬁEé e dirBRd

conponents known 1| h t'he ar e present 1 nvention conprises a true tine
deviceg_that..falls into the f.ree-space.cateqgor t ' -L.pl e- pass
opt | ISR teG 470 BT gh SRR AHARsS AaLS frliea PRl SE b Rsfliis
beam spr.eadi ng probl epms, This apprpach differs from previous free-space
appr 0&6HGUST PepRaom the At daiFd teg&m R A THEeT, @ 4@@#? one
modul ator instead of one or nore switches for each bit. In this approach
t he nirefoonsingesleneniab résmictdhe fivargenemef alightdermndiyenied thrangh st dadstomeoidhe
optical beam After the individual optical beans are del ayed by the desired
anmountighf pdths)€s) 4 seatiabligahadulmyr ddapredlie sellovna path\feorti @chohp tie Higiavpatas for
signals for further processing. This process

each pass through the set of optical elements of an individual light beam from the input device,

(6) an output mirror adapted to reflect the light beams emerging from the set of optical clements,

and (7) a receiving device capable of responding to the delays in the light beams reflected by the

output mirror.

The device for producing optically-controlled incremental time delays of the present
invention may also include at least one system of optical transmission lines or waveguides
wherein the lengths of the light paths may be varied in a confined space consisting of a subset of .
the optical elements. The spatial light modulator may consist of a polarizing spatial light
modulator which changes the polarization of individual light beams directed to the spatial light
modulator, The use of a polarizing spatial light modulator then may require the addition of a
beam-splitting device that can direct light beams through the system of optical elements in
multiple directions depending on the polarization of the light beams afier passing through the
polarizing spatial light modulator. The device may alternatively include a micromechanical or
deformable mirror device spatial light modulator capable of reflecting the individual light beam‘s
in multiple directions, thereby determining the optical path.
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may be used in either the transmt or the receive node of the phased array
radar. 2 2 6 FEB 2004 In broadest terns, the device for producin
optically-controlled incremental time delays of the present i @/gnﬁEﬁ 2004
conprises: (1) an input device selected fromthe group conprising |ight
sources adapted to generate individual |ight beans or arrays of |ight beans
fromone or several directions, (2) an adjustable input mrror capable of
reflecting IThgHight savrees ladanterbior generpteciadivifduabiiight deams orrrays of gkt beamis fepns et
of optical elenents selected fromthe group consisting of mrrors, |enses,
fi | t er snandsgyerab dBegtioas edy iimchadecsmoh idgvicest dsdasess) arslamps, dafl itight eéniting dibdele of
| ight paths for each light beamfromthe input device reflected by the

adj ust gihkerebéiRiy BEVIEQS cafable oF rbRRBHINENR tHeeHOAGYS iy, RlRIRNHedifed it het
t he divergence of a |light beamdiverted through at | éast one of the |[|ight

pat hs, td:alyld R0 i select a path from anong
t he né,’&‘tﬁ)"%%?ﬁgﬁffc’}? di(%adgg’n}hgass te%raglgéﬁgﬁﬁfgﬁ%é%gof optical elenents of an

i ndi vidual |ight beam fromthe input device, (6) an output mrror adapted
to reflect the light beans energing fromthe set of optical elenents, and
(7) a receiving device capabl e of responding to the delays _in the |ight
bearms ref | eck é’&C‘EYQaIiQﬁ’eWItgLﬁnﬁmer ASPech ol the dnyenjioge thege 15 PERMidgdhg method for
optically-controlled incremental tinme delays of the present invention nmay
al so i aplically generhigastimo delayy/it segnats sag mettald dongmisimgdhke stepd ofnes or

wavegui des wherein the lengths of the |light paths may be varied in a
confined spascglutningiastingigs@halonsd@septicaf beaie optical el enments. The spati al

| i ght nodul ator may consist of a polarizing spatial |ight nodulator which
changes the ' j Te VA ' i Ta I pat i al
ant . moduPapar SR B DR P pral B CoP ORI eFEiaBte e R RpRERid D,

require the Lt ..a  beamsplitting device that can direct |ight
beans throu&ﬁg%%ﬁélgg%ﬁgel%ﬁl%f optical elements in nultiple directions

ol ar' 21 ng- Spat 1P GHECHBUAN S 8 roHeFhE QEUTGOOMER ol t of nat i vel y T nolude a
m cr omechani cal or
a plurality of optical elements configured so as to define a plurality of possible
lights paths for said optical beam reflected by said input mirror;
at least one refocusing optical element adapted to restrict the divergence of said
optical beam diverted by said optical elements through at least one of said light
paths;
a spatial light modulator adapted to select a path from among said light paths for
eéch pass of said optical beam through said optical elements; and
an input mirror adapted to reflect said optical beam emerging from said set of

optical elements; and

- down-converting said optical beam to an output signal.



def ormabl € mirror device spatial |ight nodul ator capable of reflecting the

i ndividual light beans in multiple directions, thereby determ ning the
optical path. 3 2 6 FEB 2004 The |ight sources adapted to gen
i ndi vidual |ight beans or arrays of |ight beans from one or 2%? faEB 2004

directions may include such devices as lasers, arc |lanps, and |ight
emtting diodes. The receiving devices capable of responding to the del ays
may i nclude devices such as photodetectors, pin diodes, photodi odes, and
interferoneters. In accordance with another aspect of the invention, there
is provided a nethod for optically generating tine delays in signals, said
met hod conpri sing the sBRIEFOESCRGUTIGNICHTHR DRAWINGnal onto an opti cal
beam passing said optical beamthrough an apparatus for optically

generating figiee 09 @ﬁb‘ﬁmé}@bfla SRR R ARG pa&ehﬂﬁ%ntf&hné?a se@dapt ed
to reflect said optical beam a plurality of optical elements configured so

as to defingjgurglufsad iffont %ﬁev@ﬁéﬁalb\h@w bf et @aﬁ@tr hignf Blodafiték, %P&dgc%hthb&i’én
reflected by said input mrror; | east one refocusing optical elenent

opt | cal "BIURER 8 %“?T%‘H ‘?"ﬁ#‘%a%st 553% B ’-’?%I}C%%“F“EFIP 2‘%‘”19‘”6“%5%;& # S?Lgm
dul
pass of sai LAt bdbf LR o BEhAATEOUETRE SErtmpitd o Bprdanef gt ore

mrror ag (gted t reflect sai.d optical beam energing fromsaid set of
opt i caf™eP et of the preseb fveBler t i ng sai d optical beamto an out put
si gnal .

Figure 4 is a top view of a quadratic cell, where the distances from the spatial light
modulator to the White cell mirrors vary, in accordance with one embodiment of the present
invention.

Figure 5 is a perspective view of the dual arm cell with a set of glass blocks and auxiliary
mirror in accordance with one embodiment of the present invention.

Figure 5a is another perspective view of the dual arm cell in accordance with one
embodiment of the present invention.

Figure 6 is a diagram of a White cell using a deformable mirror device spatial light
modulator and an appropriate prism in accordance with one embodiment of the present invention.

Figure 7 is a diagram of a multiple arm version of the deformable mirror device
configuration in accordance with one embodiment of the present invention,

Figure 8 is a perspective view of an alternative cell configuration in accordance with one

embodiment of the present invention.
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2 6 FEB 2004 BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a top view of a
standard White cell on which the present invention is based. Fi gure 21s a

front el evational view of the spatial |ight nodul ator, along \/2 Bsglqu
enbodi ment of the input and output mrrors in accordance with

invention. Figure 3 is a top view of the dual-armcell wth a beam spl itter
I n accordance with one enbodinent of the present invention. Figure 4 is a
top view of _a quadratic cell, where the distances fromthe spatial |ight
modul at or t Sigke vikia sde elavational giesy ohpysystem ofclen? gravpe injaceerdanee oviiodnerent
of the present invention. Figure 5 is a perspective view of the dual arm
cel | wemhodineat ofithe gresent ihvemtios. and auxiliary mrror in accordance with
one enbodi nent of the present invention. Figure 5a is another perspective

vi ew of theFihuad I@Esrﬁrfbﬂidrsid&e@@.@ﬁémlﬁ‘e@v&\fﬂlhiﬁﬂ%pﬁﬂ&Qﬁlﬂi@ oitical wrhdienigigsent
i nvention. Figure 6 is a diagramof a Wite cell using a deformable mrror

ey ce bl dhrbh e BROUL B AneUt EpABRRARELALE P11 S |1 accor dance wi L

one e od| ment present 1 nventi o I gure is a diagram of a
mul tiple arm ver on of he de rgeﬁ Lror, devi ﬁe conf| uratijg&{%n £
accor dance é BoYR £ S} mutkor, in; coordpnes, With-pRe, e o0
perspe ive view of an al ter nat | ve cell configuration in accordance with
one REHBRHAVEROIhe present invention. 4a 2 6 FEB 2004 Figure 9 is a
si de eI evational view of a f&;St em of lens groups in accordance with one
enbodi ment bigutenk? israssthet rayrdiagram of 2 spheyicabmirtorflensegystetain astatdansk ovitlt orenal
view of the image planes in the optical transm ssion
embodiment of the present invention.
Figure 13 is a plot of path distances in accordance with one embodiment of the present
invention.
Figure 14a is a ray diagram of a deformable mirror device in accordance with one
embodiment of the present invention.
Figure 14b is another ray diagram in accordance with one embodiment of the present
invention.
Figure 15 is a ray diagram for a small angle prism in accordance with one embodiment of
the present invention.
Figwre 16a is a diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.
Figure 16b is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.

| Figure 16c is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.

Figure 17 is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.
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line in accordance with one enbodi nent of the present invention. Figure 11
-is a ray diagramfor a spherical mrror in accordance with one enbodi nent
of the present invention. Figure 12 is another ray di agramQBan@Peﬂ[]g#I
mrror/lens systemin accordance with one enbodi nent of the presen
invention. Figure 13 is a plot of path distances in accordance with one
enbodi nent of the present invention. Figure 14a is a ray diagramof a
deformabl e nirror, _device in accordance with one enbqdj nent of the present
i nvention. FEigps d81iasnpthen digerem showingspat lasatipn a&caoaﬁéaﬁe@lwwmb qevice in
enbodi nent of the present invention. Figure 15 is a ray diagramfor. a
smal |  aergirdange w3t ane eanbodintknh oftheiprdsemrievemtioodi ment of t he present
invention. Figure 16a is a diagram showi ng spot |ocation on a deformable
mrror devi Fegur® 1986€ arditaRar ofiréflectideplendsoidi 402bidande Witk dne @ptbvidireit &Ttthen.
Figure 16b is another diagram show ng spot |ocation on a defornmable mrror
devi cepiddentafdiigance W th one enbodi ment of the present invention. Figure
16¢c i s anot her diagram show ng spot |ocation on a defornmable mrror device
in accorda & O I IEN f [ i i FLoure 17 |.S
anot her i A Ea SR AGOE BRARERL e R BREERE Reold MR 3ne Elrfbifnehf of
accordance with one enbodi nent of the present invention. 52 6 F E B 2(r)04
Fi gur e PEPTFSEOLIEEHHAN. 4i agr am showi ng spot | ocation on a defornable mrror

device in accordance with one enbodi nent of the present invention.
Figure 20a is a diagram of a light beam incident on a DMD in accordance with one

embodiment of the present invention.
Figure 20b is another diagram of a light beam incident on 2. DMD in accordance with one

embodiment of the present invention.



Figure 19a is a diagram of reflected planes in accordance with one

enbodi nent of the present invention. Figure 19b is another diagram of
reflected planes in accordance with one enbodi nent of the pr t
invention. Figure 20a is a diagramof a |ight beamincident oﬁzﬁlg\ga 2001"
accordance with one enbodinent of the present invention. Figure 20b is
anot her diagramof a Ilght beam incident on a DVMD in accordance wth one
enbodi nent of Al | PTI ON OF
THE PREFERRED“EBebrH ! EN S Sdmmary, the
foll ow ng presents a det ailed descrl ptlon of the preferred enbodi nent of

t he i nvent i®acqordance with the doregqing swimasy dbe falloydng Reespris e detalled dessaipipesent
i nvention is based on the traditional Wiite cell. Figure 1 is a diagram of
the péthe péfemed embodireanoiths sivagtidnthatiig kumently domsiteted to T chedekt medenpr i ses
three identical spherical mrrors, all of the sanme radius of curvature.

The first rmhe ﬁa@éseﬂxanvanﬁ;ﬁnab@beenfﬂ&@mdlﬁ@nas&vmwcéiﬁ Fighfé 1 1Y 4 Sladidm0f1thOr S
by a di stance equa to their radii of curvature The center of curvature 15

t
i e e s
I d t t h t 20 of t th
2eh?2?mg?)°cal?9§ms§n%§9%ws pFerble THerRSH miier &S%ﬁé’%ﬁes R bl for
exanpl e an equal distangce fromthe optical axis. ht fromthe second

mi r r oPRq Eig YTQ3h by ardigance gaval t‘i’ﬁ-heifd‘ﬁ laﬁeurw@éc v Ehggenter ofprvatirg b of
onto a spot 18 in the plane of but off the edge of the first mrror; the
| i ght ﬁb’eglm imgrron Beraome theseenterline o1t omicphaxis Lésanidt fallo dstwesntthe sedond dndrithircr .
The third mrror refocuses the beamto a point on the first mrror. The

beam infirrbfie The eédondtaad tiied mivtbrs ereptipAaliscthat the cemepoliourvatier2 ofig: seeend
mrror refocuses the |ight beamto a new spot 17 on the first mrror. At

this ﬁﬁh‘&t 13 A8 thé FBhtefBY cRivAR 18°0fttht RBirE Fhitrok 14! RRd TOMel BrsPhfirrb S0 doe

of the
example an equal distance from the optical axis. Light from the second mirror is imaged onto thc

third mirror, and vice versa. Light is input onto a spot 18 in the plane of but off the edge of the
first mirror; the light beam is prepared so that it expands as it goes to the third mirror. The third
mirror refocuses the beam to a point on the first mirror. The beam is then reflected to and
expanded at the second mirror. The second mirror refocuses the light beam to a new spot 17 on
the first mirror. At this point, the light may either exit the cell if the spot is off the edge of the
first mirror, or continue to traverse the cell. The beam may traverse the cell a predetermined
number of times, depending on the locations of the centers of curvature of the second and third
MizTors.

The angle of the input beam may be controlled by an input turning mirror 21, as shown in
Figure 2. The angle of the output beam may similarly be controlled by an ourput turning mirror
22. Each bounce of a light beam is shown by a spot 23 on the turning mirrors or the first mirror
12. There are multiple light beams shown. A spatial light modulator or other appropriate device

may alternatively replace the first mirror. A beam of light may be reflected off the input turning

7



first mrror, or continue to traverse the cell. The beam may traverse the
cell a predeterm ned nunber of tines, depending on the |ocations of the
centers of curvature of the second and third mrrors. The an@ifg FER 2004
i nput beam nay be controlled by an input turning mrror 21, as shown in
Figure 2. The angle of the output beammay simlarly be controlled by an
output turning mrror 22. Each bounce of a |light beamis shown by a spot

23 on the turnin jrrors. of the first mrror  12. There are nultiple |ight
beans BHORnto sg’ég%t%ucelﬁ,i aﬁ{ 33 EAVATSS 11 ol B t}‘ﬁﬁ’ﬁf“%‘p’rsi Gicstedooi be OugY,
alternatively replace the first mrror. A beamof light may be reflected
of f t Huminggmirraryatiwhich poipt i§ neyRexigbeicel.rror into the Wite cell, and may
traverse the cell until the beamis directed to the output turning mrror,
at whi ch pdigire i3t showys @ firdt rhbdifiestidn. toFtheg Wisite3cedhvaiapt ftito Stariabiditie délapn t o
the Wiite cell to adapt it to variable tine delay applications. A first
modi fipahidaibnd. SA fiSr FIATRGHEN S fd dhphgdmhk Rt nlidrok 19 Hdfn G WuMRE Hlirfdr % a Mt 2
flat oOne and to add a lens 27 of focal length such that the lens-mrror
conbi i.on Js_opfical egulval emt ;L L Or . | l.aces. . Next .. the
ot ot B tooaREL 1B o ofc AnEBLaleR, bt SR hinkd, FORRRATR s Sotleat)
particul ar_ spatial |ight dul at or be configured to rotate the .

Gi  ocCABNAISR! 1050F ZFITERY RGeSt RiExhIh¢ 8t mirasanaY by T H?@E‘y‘”@é@rsé'é%a]é’cghhny
particular pixel that is activated. Then, a polarizing beamsplitter 28
may bencdadrser, Hiig panisultr spatial dight sadnlatos seayner danfighred: ti rotatel the ditection of may
be adjusted to maintain inmaging. The input Iight nay be polarized in the
pl ane pofaritzitionpafthe. refleetet deams by ininety degryesr af dngcparticuldrt pigel that iedctivatetihe

pl ane perpendicular to the paper but transmt |ight polarized parallel to

the piaeg afoldri¥en spliiteP @8 gy Hohuaked)iafd BR\digancaRib the stobhl QTRnRl @drdy next
adding a fourth 24 and fifth 25 mrror, where these mrrors are identical

but h@mﬁoqs hFR a v-bﬁgtga o SHafidiainSa] ﬁgir@‘?‘nTﬁehﬂfthf%h%% gagggysfﬂfzea@ﬂ tﬁé@ﬁgecgf he

mrrors. There now exi st dual cell's™] ol ned at e plitter.
singlgblens 2.;11 s . .- .
¢ paper. The beam splitter may reflect light polarized in the plane perpendicular to the paper

but transmit light polarized parallel to the plane of the paper.

A better photonic device may be implemented by next adding a fourth 24 and fifth 25
mirror, where thése mirrors are identical but have a focal length different than that of the second
and third mirrors. There now exist dual cells joined at the beam splitter. Since the single lens 27
can no longer satisfy the focusing conditions for both cells, a lens 26 of different focal lengtﬁ may
be added to the other output side of the beam splitter. The focal lengths of the lenses are chosen
to compensate for the new mirror locations.

Yet a better photonic device may be obtained if the distances to the fourth and fifth
MErrors ﬁom the beam splitter are different, as shown in Figure 4. In.this case the radii of

| cﬁi’vanlre of the fourth and ﬁﬁh mirrors will be different. An additional lens or lenses may be
added between lens 26 and mirror 25a to maintain imaging.

To improve the number of potential time delays, the design of the dual-armed unit of

Figure 3 may be further modified. This configuration is shown in Figure 5. First, auxiliary mirror
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can no longer satisfy the focusing conditions for both cells, a lens 26 of
different focal length may be added to the other output side of t he beam
splitter. The focal lengths of the |enses are chosen to conp gEEFPZ#@m
new mrror locations. Yet a better photonic device may be obtarne

di stances to the fourth and fifth mrrors fromthe beamsplitter are
different, as shown in Figure 4. In this case the radii of curvature of
the fourth and fifth mrrors will be different. An additional |ens or

| enses2fmmayte added edthb plave of tHeepatia} Gightmiodilaton 1224 seqoad pukiliant mirraraegyrks  To
i nprove the nunber of potential time delays, the design of the dual-arned
uni t oplackd fiithe iMag@ylaiieof te bfutial HigtdiniddathtorT Then,cotithe el hieohariian sidws & n
Figure 5. First, auxiliary mrror 8 2 6 FEB 2004 29 may be added in the

pl ane gf; dr rﬁﬁaﬁ Bﬁ)tckéb() Haqme sPdiatied R dlid seﬁ%uﬁ%ﬂﬂ hitror, 84 YhoWn l'iqui%'v.lffﬁfﬂabe

pl aced 1 n the image pl ane of the spatial light no ul ator. Then,

del ay nk.sm su as a .set. of e

Chi o sABEMPOS T FERoR 13 agd rudih ol ﬁ'%éﬁ?ig %“ef?% ‘%ﬁf%iéﬁéﬁ frobd
reflective on the S|des furthest fromt | en Al.'t er na veI the. ass
DI ocks CoWg P deBlacedahy aisal Boers ot % e Papess.o Ths pPHFa! 5o opieh e shaudl
optical axis is between the spatial |ight modul ator and the auxi I lary

mi r r or lightmodulater ahe the @xillegsmireen Thedirst keng 27 bas beesymade fasgar to Taver thém.

t hi cknesses of ,the gl ass bl ocks nay be chosen so that the additional tine

r equi r @He Rigiekridsses dfahérglaso bigok fap b Rthesencestiav thebidditiomal timeaaguiredabr flmver s
of two times the initial thickness. The operation is conparable to that of

the dugtarkeld gé!"'tﬁ:'&uélh@ud&leﬁﬂ% BbeidsNBereRal iadlpolwettbf tWdlties @he irfifidlahliRAesand

additional tife delays due to the addition of the glass blocks or

equi Va&ﬁgbper%ﬁ&{'g%&gﬂ}ab%%@dﬁhﬁ h&%ﬂg&g{a bl fre B RO aﬁsyn@ﬁ i at@*

i ght noD used can be c str

:‘BCE;?%@%ggﬂsﬁ@ggﬁ%mfH@%ﬁﬁfﬁ%a“gt%o Priton OF tpd s JABRec Y Hiplan

Figure 7 al so shows_ that
transparent materials.

If a deformable mirror device spatial light niodulator 31 is used, a simple White.cell can
be constructed as shown in Figure 6. A prism 32 may be used to direct the light beam through a
focusing lens 33 onto the appropriate mirror 34 off the optical axis. Figure 7 also shows that
another prism 37 may be introduced to direct light from the deformable mirror device spatial light
modulator 31 through a refocusing lens 38 onto the other off-axis mirror 39 in the dual-arm
configuration.

Another possible configuration of the dual arm cell is shown in Figure 8. Here, the
second and third mirrors of the first arm of the original device are replaced by the second 35 and
third 39 mirrors of the new conﬁguraﬁon. The fourth and fifth mirrors that comprised the second
arm of the original device are then replaced by the second mirror 35 again, along with the first
mirror 34 of the new configuration. Then, light beams may bounce from the second or third
nﬁrrofs to the first or second misrors, then back to the second or third mirrors, mimicking the

operation of the oﬁginal dual-arni cell. An additional lens 40 may be used to image the spatial
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another prism 37 may be introduced to direct light fromthe defornmable

mrror device spatial light nodulator 31 through a refocusing, en §
the other off-axis mrror 39 in the dual-arm configuration. A oghé fﬁ'ﬁﬁ

possi bl e configuration of the dual armcell is showm in Figure 8. Here, the
second and third mrrors of the first armof the original device are

repl aced by the second 35 and third 39 mrrors of the new configuration.
The fourth and fifth mirrors that conprised the second armof the original
devi celigitenodulaior epb anenixibiuryt iérrare@9oand ailens @l rdy Bgaded to AnaRIHSishikidl hight
first mrror 34 of the new configuration. Then, |ight beans may bounce

from tinedsleee Betods ddlay mechatlishl Sch ad Plakd'Bloblts’3p O second mrrors, then back
to the second or third mrrors, mnicking the operation of the original

dual -arm cehl . I, by b sed .to_imge the spatial 9 26
Fen 2004 |1 AfrisalyRSh 5 UPles s RTINS 28 ¥R B e BBEGMINE BB 65 gt e
used tQ_image the..spatial |ight dul ator onto a delay nmechani sm such as
gl ass BPB gn%@%ﬁe@ﬁrélﬁ?%gfp%b and its adjacent |ens such as 33 may be
replaced with a single lens that is appropriately tilted or decentered or
both. In ori@&rdgrdo @%{am longentifee delpyfe itds passible ta introdyeessiens waveguide ingrlame a
| ens waveguide in place of the glass blocks. Figure 9 shows such-a |ens
waveguifdhe giass blecksnEigured® stiawssueh ladess yaeagnided Shrddenses! 42for@irDIAS gFop
then be placed along a common optical axis to forman optical transm ssion
line of3.| qhs lemsy §uips Smayl fien! bdBlacéd Wshg! McOmbdth SRidaf akis! PR 55 10pRcdl Ne
fromthe right. The input plane 44 is coincident wth an auxiliary mrror
pl ane.qaptmissenligkto 6 Eml8RS THE I e onj.ugate to
t he auxi 5i asr y_nrri rr 5?5116' aneg'hg\&t r%gé%g?g%@e%tt%ﬁ?gb ﬁ%ﬁla? a%%’%ﬂﬁ%@ﬂe?togl Sse
conju | anes S own _in. Figure 10, ch sheet. of transparent materi al
25" it s B pRBe AR CutnPidhm i) 4t R mion Piebs AUREER of Fagl lens
nci dent on different areas of the waveguide to

permts |ight ans |
pr opag ¥ ‘gr‘i’Pd’gawan# Plaperrngaytorde suxiliny Bprariane Aawanspatshbmaterial may

be placed at these conjugate planes, as shown in Figure 10. Each sheet of transparent material 45

may have a reflective strip 46 on a portion of its surface. This permits light beams incident on
different areas of the waveguide to propagate through different lengths of the optical transmission
line.

Materials and Methods

Imaging Conditions. An analytical description of one arm of the White cell is presented. The
configuration to be described is shown in Figure 3. At the right of the figure, a White cell
spherical mirror B 14 is shown below the axis and a White cell mirror C 13 abch the axis. The
center of curvature of White cell mirror B is a distance & above the optical axis. The center of
curvature of Mirror C is a distance & below the optical axis. To the left of the White cell mirrors
is lens fI 27 with focal length f;. Adjacent to it is the polarizing prism 28 represented by a cube
of glass of side d, and next to that is a flat mirror perpendicular to the optical axis representing
the SLM. To present the analytical description of the imaging requirements, optical ray matriceg

are used. These matrices operate on a column vector
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line. Materials and Met hods I magi ng Conditions. An anal ytical description
of one armof the White cell is presented. The configuration po bﬁ
described is shown in Figure 3. At the right of the figure, a Mt EcBIZﬂn‘t
spherical mrror B 14 is shown below the axis and a Wiite cell mrror C 13
above the axis. The center of curvature of Wite cell mrror Bis a

di stance do above the optical axis. The center of curvature of Mrror Cis
a distance Si below the optical axis. To the left of the White cell mrrors

is lens fl 2 hth focal length f . Adjacent to it is the polarizing prism
28 represent y a cube of glass of side d, and next to that is' a flat
mrror perpepwp qular to the optical axis representing the SLM To present.

t he anal yti cgl "descri ption of the inmaging requirenents, optical ray
matrices are& used. These matrices operate on a colum vector 10 2 6 FEB
2004 where y, n, and p,. refer to the projection of a ray on they - z

pl ane. Wheseyeot and p) eefento the projectiorof @ tajicondthel aceplens.  dhet Yeetor jeriant
the optical (z) axis at sone value of z. The elenent py represents the

sl ope afpickenty thy dablacbaentpditid rap fithnithe dptited (£)edxisedt isome valdex zj The BRmesp,ON.
The third matrix elenment "1" is used in representing a tilted spherical

M rror @are¥dnkd thEQiopRAeRhd AY Af thaf'poitt Bhd Als ARALHSeGRAXGNNRE YSAsh, Wikdhitd
repl aced by x and py replaced by p., for the projection of the ray on the

b
- . 3! h { i i . | i n
" epr oo OhR cisinche 11 Y ulft fy eBFesBiig i B SRS BN M ol 32 1R et
The first..is the matrix T(d, .n), representi a, transl agion through
Tt er | AP 4B S CoTIa vl i s BRGT BF A AR P RIoHE Baes i L PRIt ey
O T(d,n) =01000 1 The second is the matrix L(fI) representing a thin
| ens offay gedhe ¥ enplgpe. 3 x 3 ray matrices are used because they wil be useful in representing the

tilted spherical mirrors. Three ray matrices are used. The first is the matrix 7(d, n), representing

a translation through a material of refractive index 7 by a distance d in the axial direction.

1 din 0
Tdm={0 1 0
0 0 1

The second is the matrix L(f) representing a thin lens of focal length

1 00
Lf)=|-1/Ff 1 0
0 01

The thin lens matrix is identical with that of a spherical mirror of focal length f with its center of

curvature on the axis.

A last matrix represents a spherical mirror tilted so that a line from the intersection of the
mirror and the optical axis to the center of curvature, point CC, makes an angle & with the optical

axis. A ray comes from the lower left with slope p,; reflecting off the mirror at point P and

leaving with slope p,;. Line CCP is drawn from point P through the center of curvature. There
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100. L(f)=-11f 1 000 1 The thin lens matrix is identical with that
of a spherical mrror of focal length f with its center of curvature on
the axis. Alast matrix represents a spherical mrror tilted SQ ShFﬁB 2(\]%
fromthe intersection of the mrror and the optical axis to the center 0
curvature, point CC, nakes an angle B with the optical axis. A ray cones
fromthe lower left with slope pyl reflecting off the mrror at point P and
| eaving wit h_sl ope 2. Line CCP js drawn frompoint P through the center
of cur %t yeelinestparaliel 1o thequgisRne diyguglt thetagater of 6urvighira 2ne jone ghrovgh poinkP. one
t hrough the center of curvature and one through point P. Line CCP nmakes
angl e &inev@CH niahes anylo o mdthrthy ireontirgngl andianglé bhwithethe edfleeztiady, 8 ¥hovasin
shown in Figure 11. The-center of curvature is a distance 8above the

opti cakjgid B, AR RRrf chrvhtudisd & %%ab%v?&g\b‘ﬁﬁﬁﬂeax%?%&:ﬁ&gn@?‘ 5 ﬂégnhﬁegl o

di stance y' above point CC en there are tfive equations.” Since t

of incidence, equal s t.he angle reflection = a2. For small angles a, =
py, --J’E@%ﬁ)‘h% w&Eax_:s ‘ga 'S%Gﬂ.a%ﬂesﬁﬂm'}ﬁ&—y' +,5 and 5= OR = 20f, where f
is the focal length of the nirror. Conbining these equations to elininate
a,, a2, y', Thenthem argfiye sqypjions. Sinee the angle@l inojdence equals tgangleaeflecipmtding
py,, the. ray slope before reflection off the spherical mrror with py2,
the ray sl Goesmill eigleet] eg) -qpYRIHidS -epgds GURY. helsbay=nBtd ¥dBE gr B Jg5 1 0
0 Mf,0)=-1/f 120 0 0 1, To use these matrices in practice, one

I dent i {4 : | hj 13 : uptered as, a

{hés Sf‘x?ﬁm%@a’? ;i.léxgﬁ. BPhe 3ok garr#&ﬁglﬁ%ﬁegés‘gwﬁbﬁé B é‘llxﬁl?xg% %ﬁ% 58 8%

ray traverses an op system an € assocCl a t?”l ces

R, gives py» - € = p,1 + 6 - y/f , the equation relating py1, the ray slope before reflection off the

spherical mirror with pya, the ray slope after reflection. This leads to the ray matrix M/ (f;e):

1 0 0
M(f.0)=|-1/Ff 1 28
0 0 1

To use these matrices in practice, one identifies the translations and thin lenses and
mirrors encountered as a ray traverses an optical system and multiplies the associated matrices
together to represent the effect of the optical system on the ray. Call the product matrix S. Then
there results a matrix equation representing the ray slope-index prdducts at the input and output

nipy and mypys and the displacements of the ray from the axis at the input and output, y; and ys.

b2 »n |4 B G| »
mp,|= S| mp,tC D H| mp,
| 1 I J K 1

This represents three simultaneous equations. For example, the first such equation is y; = Ay; + B

mp, + G. This equation nicely relates the input and output ray posiﬁons. The requirement that
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together to represent the effect of the optical systemon the ray. Call the
product matrix S. Then there results a matrix equation represe t he
ray sl ope-index products at the input and output n,py, and anQZGaE ch%ﬂU!,.
di spl acenents of the ray fromthe axis at the input and output, vy,

Y2Y, ABGy, n2Py2= S n, py, CDHnhpy, 11JJKI This represents three Si rrultaneous
equations. For exanple, the first such equation is y2 = + B n,pyt + G

Thi s t he

Fequi r oo b Bpihg Pt Sy ard Bdbul Bin Bl 1 e mﬁé’eﬁér% B b T

out put_ pl.anes t ha ri t reqw rement al I ows

sol vi r@&r‘ﬁm‘?‘ﬁ YEET g&gé‘q éﬁ%ﬁ%sggggis%mfﬁ%ﬂg? Behs. To return to the

opti cal system there are four requirenents for pro er operation. The first
requi r ement 19 ¥R 4e thy ontisal syster. thesryers fowr 1§awWraments %r sEpPenaperaféon. Thafirst | |
be lost by rays starting fromMrror B and mssing Mrror C. To establish
thi s rrequirenzameistthatdireyd bevimmaged iontoS¢rorGy so shat nallxghﬂ willkk fost by mysstarting
traversing fromMrror Bto Mrror C. It is S(B,c) T(d, 1)L(f1)T(2d1,

ni ) L( ffrgm (Misrot B anldngiing Mirbr O, T@edaﬁllshlﬂﬁstrb@lﬁmhﬂme Ispdrem TdtFik @9'1@
mul tiplying the matrices. together yields S(B_C {cr-¢drf,))(1- 2d,

(1 YRS Ko b o ey B Wm’”@} 8 Pt o

%Ei?rdfﬁfﬁ?’(@( S?“fﬁflé?ﬁﬁﬂ%ﬂtfh ri‘}%saﬁpg i ol °es'£-§%ﬁ1 g8 e eo

focal r lens f1. There are two solutlons , =d andf =dl (1
+[ n1d/ Bgﬁ?# e solutions represent symetric and

{(1-(d/£)(1-2d, /n, £))-(d/1)} 2{(1-[d/f,])(d+(d,/n,)(l-l[d/f,]))} 0
Sisey = -2/£)¥1-d, /n, £ A/7£){d+@d, /n)A-[d/f P} +(1-[d/f]) ©
0 | 0 _ 1
The requirement that Mirrors B and C be conjugates then is that matrix element B be zero:
2{(1-[d/fi] Wd+{di/m)(1-[dIfi] ))} = 0. This is used to give the desired focal length for lens fj.
There are two solutions: Si=dand f; = d/(1+[md/d\]). These solutions represent symmetric and
anti-symmetric ray patterns about the SLM. In the first solution a point on Mirror B has an image -
at infinity which gives anlimage on Mirror C with a magnification of -1. In the second solution a
point on Mirror B has an image on the SLM. 'I'his also gives an image on Mirror C with a
magniﬁcatioh of +1. The first solution works very nicely for this situation. This puts Mirrors B
and C in the focal plane of lens f1. The same analysis applies to Mirrors E 25 and F 24 and lens
12 26. Mirrors E and F are in the focal plane of lens 2.
The second requucment is that Mirrors E and F be images of each other.
Considering requirements three and four that a point on the SLM be imaged back onto itself

through each cell, take fto be the focal length of mirror B. The system matrix for that case is

13



anti-symetric ray patterns about the SLM In the first solution a point on
Mrror B has an image at infinity which gives an inage on M |

magni fication of -1. In the second solution a point on M rro:zgrﬁigazouq
i mage on the SLM This also gives an image on Mrror Cwith a

magni fication of +1. The first solution works very nicely for this
situation. This puts Mrrors B and Cin the focal plane of lens fl. The
sanme anal ysi s appl and F 24 and lens f2 26. Mrrors E
and F ¥ by Shig Jf(defau)Lw)EWel)éef @Hdéﬁ(ﬁ)f'ﬁihé:)se%w ying the aprsenriate matviges
Mrrors E and F be inmages of each other. Considering requirenents three and
f our t hogetlzerpod puttong A Fel Slréquiredibyabefirsbmecdgingdanditiopetsults ihr ough each cel |,
take f to be the focal length of mirror B. The systemnmatrix for that case
is 13 2 6 FEB 2004 given by S = T(dl,nl)L(f,)T(d,I)L(

O T(d, 1) L(f, )T(dI ) iRl P ppropriate matrices together and
putting f, = d as réquzldryg@i 68 hgpflf?st I mging condition results in -1
2(d-[d,/n,])- (§ ) 0 S=0 "Jl 0 o 0 19| The imaging condition is then B = 0
= 2(d -[di/nl]) (a4 f), or f ¢ di{ 2(11- [dl/nld])}. This equation allows
predicting the required focal length for the spherical mrrors. The

raani ng P A ol E“"E“S%Feﬁ%zb@oﬁﬁﬁﬂzf’??? ‘?’aﬁmﬂ{%@nﬁ?derﬁﬁhe Mitge

f th t f { f M | Th di f
our vat G ea&ﬁrvﬁ?#é “”%?9%%@?%%%5 O e bR oLy ot our vt ur e

from Iens f 1is d - Then the distance of .the inmage fromthe center of
cur vat ur eThegquatipn ag;oﬂ:as F@@F’G@?ﬁﬂnﬁyﬂlﬂ}l@ﬂ‘m‘? lf(“émﬂf‘) ehysicel megring, Aaexplained  n
t hese equations and sinplifying results in.d" =-dlInl. That is, the inmage

of t he bydiguee 12f Fouthediraranepfonvider te iBagd efithe qenthmofSuttage bﬁhhrroﬂ‘ﬁehnonglge

of the center of curvature of mrror B on the SLM can be called the center

of cur Yeisyt e TROFatius of curvature of Mirror B is 2/'and the distance of its center of curvature from
lens f'11is d - 2f. Then the distance of the image from the center of curvature, .call it d., 1s given
by 1/d+1/(d-2f)=1/f;. Eliminating f in these equations and simplifying results in ;1‘-; = di/ny.
That is, the image of the center of curvature of Mirror B lies on the SLM surface. The image of
the center of c&vaMe of mirror B on the SLM can be called the center of curvature point.

To find out where on the SLM surface the center of curvature point is located, look to the

nrnagniﬁcation. The y value of the image of the center of curvature point, call it y,; is given by the
y value of the center of curvature itself, y..,, times the magnification, or ¥.~).., x magnification =
2f0x (-image distance/n; Y/{object distance) = 28 x {-di/(n1[d-2f])}. Using a previous equation
for 2/ and simplifying gives y.. = &4, thjch has a very nice interpretation. If a line is drawn from
the intersection of the optical axis with Mirror B through the center of curvature of Mirror B, then
tile .intersection of that line, extended if necessary, with lens fl is a distance &4 from the ax1s The
projection of that intersection onto the SLM gives the center of curvature point.

There is a further interpretation in terms of point sources on the SLM that are imaged

back onto the SLM. Writing the first linear equation for the system matrix gives y; = -y; + 26,
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To find out where on the SLM surface the center of curvature point is

| ocated, | ook to the magnification. They val ue of the inmage %ﬁt% ent er
of curvature point, call it yccf is given by the vy value of éeﬂﬂﬂir
curvature itself, ycco, tinmes the magnification, or y"=yco x nmagnification
= 2fOx (-image distance/nl)/(object distance) = 2f0 x {-d1/(nl[d-2f])}.
Using a previous equation for 2f and sinplifying gives ycc = 6d, which has

T opt rar ISHE'GRERTR RRaint o bt LA, X B oceliBy ufie 4 1tk o
h : ' ' of th | i ded [f W th | fl i
2 i st SRR b Sk R pasSf ot ton€ XL 5 aptecrelk of Abirod 2 enasse] beckne

SLM gives the center of curvature point. There is a further interpretation
in ter HEOUE 1683 A Defiminge§ A7 né revmitinghthis equatiomgipes (badk=o00t 0 HheTHE M
Witing the first linear equation for the systemmatrix gives yz =y' + 2i

14 2 6inkirpred(s wharserf aydistafice! feThoOmbirpiemtioh iSthROhS imag forRe® By MigoSBNrand
y2 is the location of its image after the |ight fromthe source has passed

t hr oughpik I ‘ kK, through |ens
(1 Doy ne by SLYPRAR P MR aRl] ok e B PAR SBlLo R Sflovd B i o)
This i | eted in terms of a distance S The interpretation is that

t he in%’g%érpl(t)e?r?%' by Mrror B of a point on the SLMis as far above the
center of curvature image as the qbject is belowthe center of curvature
point. The YT iThthe prdisection isddensical with thesxpentionthatMirres Bisdipped onlyt hat
Mrror Bis tipped only in the y direction so that B = 0. The x equation
equi valnethe ) dirschion soxthat 8i=nfe Thexcgnitem efuivatent\isiteyr=e-xpoi $ihcé theOdenteh @Y
axi s, an image of a point source fromthe center of curvature is as far

from tduevame poimt ROb theass atikl QaniRiz@6 of Wpsint Bolirc® Frobh@e RBROSHE Qurdide ik B %?t h
the x and y directions. To find the inage of a point source on the SLM

one CafoRhe$ohrdeShdifCis AR faﬂfecf R&s, taPbi rﬂ%)e(r)(;epspogit% vat W Botﬂ(ﬁ)}@s{ anhgrccgl?egﬁgﬁ% cel |

Del ay Time Due to ( ass Blocks Here I's ented an analySis 0
with To find the image of a point source on the SLM, one can merely reflect about the center of

curvature point,
Increased Delay Time Due to Glass Blocks. Here is presented an analysis of a dual cell with
auxiliary mirrors with glass blocks in front of Auxiliary Mimror I. The situation analyzéd is
shown in Figure 5a. The SLM 12 is shown, along with a polarizing beam splitter 28, lens f2 27,
the White cell mirrors (13, 14, 24, 25) and Auxiliary Mirror I 29 and a group of glass blocks 30.
The size of the polarizing beamsplitter is d) and its refractive index is n;. The focal length of cell
lens 2 is f and is separated from the White cell mirror by a distance der. The distance, ds,
between lens fl and Auxiliary Mirror I is divided into two regions, one of thickness d"; filled
with air or other material, and the other of thickness 4" filled with material of refractive index ».,
It is chosen that ji = dgr. The requirement that the SLM be imaged onto Auxiliary Mirror I
can be easily calculated. The result is d%/ my+ d"y = 2d - & erlf - dif m). It can be noted that if
"y =10 and d2 = d’; = dj, dgr = D, and n = m, the equation reduces nicely, giving the desired

combinations of d*; and 4", that will give imaging. The distances d’ and 4" must further be
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auxiliary mrrors with glass blocks in front of Auxiliary Mrror |. The
situation analyzed is shown in Figure 5a. The SLM 12 i s showf, Eﬁzﬁ(ﬁ{
a polarizing beamsplitter 28, lens f2 27, the Wiite cell m '
24, 25) and Auxiliary Mrror 129 and a group of glass blocks 30. The size
of the polarizing beansplitter is dl and its refractive index is nl. The
focal length of cell lens f2 is f2 and is separated fromthe Wite cell
m rror reduced di tht aansit k. ThheradsistimecE, fod2ne phsstivrer thd SN ol AwdllardMirdor & Y
Mrror | is divided into two regions, one of thickness d"2 filled wth air

or ot henhdatiefsi @ven aﬁdmn& Ridrendof ntht qkae§ STER dah!eodwiitled 1oBHRI 4 éécoﬁ?

refractive i ndex n2. I s chosen that f2 = dEF. The requirenent that e

SLM be Ly r e |y result
s o 21@@%&;&1@%&&%@ A e o % YRR Mt ol gt

and d2 = d2 =d nd.n2 = equ QN reduce nlcely |V|ng
The degnAlAweL e AR o NEIBRRES A B0k RIGKIOT Gt TP Rgow PR i

di stances d'2 and d"2 nust further be 15 2 6 FEB 2004 reduced to the

transi t13} canebe creased showgng thej ragion pf intezest, where ghsandf d'o are prsitBleMttcoulduken bar y
Mrror | and back is given by cTr/2 = njdl+ 2d + n"'2d 2 + d"2. This can be
rew i t metedithat ghevdope sfthe fidst eqaativin A1/ Ay@idvhe threkc@pra ikt degendroddd,? fididamd =
(cTf/2) - nid;- 2dEF. Fromthese equations there is an allowed range for~

the van aklad® fﬁ(ea TRE sKpe oM sdeondRqBhiiin i9L ndl(Bn¥@hH Uid e i(n?e?&‘gﬁ c(!jeﬁeﬂ:d SHre

13) can be created shovm ng the region of interest, where d 2 are

posi ti ‘fermﬁ%l}]ﬁ%ﬁllﬂ)lé hg%f e s B4t Righ &@egﬂﬁgp& quet it d%h&%}ahfe 7 08¢hrd S

-1/ n2 elnterc een on nl are al's

fixed. The sl o of . t he nd tion i t ant

interc E“&éﬁﬁﬁﬁewﬂ % W%? "g%a?%‘rsi laﬂo?wé'""" Héﬁ%ﬁé 'EI%F!)F'E IS ﬁ@d efflgnt
as Tf increases. m n| mum val ue of T, occurs when the two |ines

i nt er s&&{mbn Fh%rem pupigum yalye for . Theling represppiing thedistancespf; + "2 b, -

[ d2EF/ ] [d|/n|ﬁ]!m; There is a m nimumvalue for d2. The |ine

r epr esem bfnglﬂttﬁrﬁb s therlens 2o the Auxiliagy Migor, 1. Qs libealsb aneved to theaight hedi ens
fl to the Auxiliary Mrror |. This line also noves to the right as d2

i ncr eafreseasébh eThenshalizst valat b€ dolocelts avhenribe libhesninitéreeck onethe iveitikals&ds. Qhat he
vertical axis. That

gives the minimum distance from the lens f1 to Auxiliary Mirror 1, d> mi» = 2dgs ~ (dng/j)-(dlfn]).

Combining equations to solve for the thickness of the glass and of the air, these
expressions are most easily written if 2dgp~(d25ﬂ2j)-(d;/m) is replaced in terms of d min and if

mdyt2d is replaced in terms of T pmin:

2= {ml(ny® - WHI (cTH2) - md) - 2d) — [2dgr — (eelf) - (@/nd]} = {ra(ms® = DIEA2XT; — T}
= (ol (ng® — DDHQV m)] (T#2) - md, - 2d} - n[2dee — (derlf) — (di/m))]}
= dymin = {113 = DN/2)X(T; = Ty}

This gives the incremental thickness of the glass, d*, that will give an incremental time increase,
Ty = Timin. An expression for the full distance ¢, from lens fl to Auxiliary Mirror I can be
obtained by combining these equations: d5 = dapn + {1/(n2 + )Nc/2)(T; — Timm). This starts at
d;.,,,,,-,.. as expected and increases with (7; — T my,). Distance &> can also divided into d’; and d"-.
As the time delay increases the position of the reflecting surface moves back, the glass becomes
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gives the m nimumdi stance fromthe lens fl to Auxiliary Mrror |, d2, mn =
2dEF- (d2EF/J)-(dlInl). Conbining equations to solve for the i S

the glass and of the air, these expressions are nost easinZ\BiFgg 29@'
gds-- (d2EF12f)-(dllnj) is replaced in ternms of d2,nr" and if nld2+2d is
replaced in ternms of Tj,nmn: d 2 = NO022- 1)} {[ (cTrl2) - n, d - 2d] -

[ 2dEF- (d2Eddf) - (d,In,)1} {n2/(n2" - 1)) (cl2)(T, - Ti. "2 =
{-n2/( tdcker and 1He dif Thyér tﬁ]%}n{ (o7 fhat th‘lcﬂve %ﬁ]sx ﬂl@gi[r?é;gﬁs gx%h.ﬂﬂ
(d1inl)]} = dzmn- {1/ (n22- 1)}(c| 2) (T his gives the |ncrerren¥al

T S e Qﬁypf?”gﬁﬁﬁ%ng}"%ﬁ Ol e ﬁ"%‘%ﬁ e %85&? éﬂivefeﬁw%%ﬁ fora"
a2, mi n o) iBlon. )T Ong sy phovse dniilabiam; s0dny Qeifsfc%%a%%ﬁnisd phS ed

and mcreases with (Ti - TI,,m). Distance d2 can also divided into d 2 and
d"2. et doemadmae?-3§ nenpseesads and Hel #A it Sl 00 mrodses. r Bhuse ifta dgjay of 16
noves back, the glass becones 16 2 6 FEB 2004 thicker and the air |ayer

t hi nnesc:.coﬁsristihs’tedmbhahmlﬂmﬂmﬁmcantbbased.r | ayer is decreasing tw ce as
fast as the auxiliary mrror is noving back. The size of various

par aneDesmasle Mirfs DEvi@VIMPBTE defip a fay miRECHI aFatitildr QfuafdACweARuEigRS €
d=fl =40cm f=50cm dl=3.8lcn(L.>5in), and nl=1.5.  dmn=61. 46cm TranF9. 58

15" Gect et Ssckog i o R 8l Pl RCBlP s O o i
To d
nocdodt sl AR b ins? b B The 3 Uobe Pineln Soe i lBimste Ot e

ray mpy t hr ough the obj ect, and the ot her showi ng_how the ray sl ope
change@Nﬁéﬂﬁ@nﬁpﬁg@élV‘ﬂm ﬁhﬁlaﬂ@mals atpte angyopme ag - @ ras shavadlindiguretidai whete foreing at
+9 and sone at - 0, as shown in Figure 14a, where for one device 0 = 10.
The suddviceed =ofl 08.heThaVEurfrmy . of ihe dBMn eshyabe alefiaed iasal vertiosl live ¢ ldieétic))
intersecting the center of each pixel so that part of the pixel is behind

the sunfepeetigtheRBfiter bBedch pixel so that part of the pixel is behind the surface and part is in

front of it. A ray can entef from the right with an angle p,, as shown in Figure 14b, and intersects
the pixel at a distance y above the center of the pixel and is reflected off the pixel. At the point
the ray intersects the pixel it is a distance d=ytan® behind the surface. In going from the surface
to the pixel, the height of the ray has increased a distance d tan p,, = y tané tan p,. After
reflection from the pixel the ray again passes through the surface. In doing so the heigﬁt has
further increased a height dtan(p,+26) = ytan@an(p,+26). The height has chan;ged by a total
distance Ay = ytan@ [tan(p, ) + tan(p+28)].

The ray matrices deal with paraxial rays so that p, << =, and &= 10° << 180°, also a
small angle. Putting the tangent of the angle equal to the angle, the increase in height Ay =2y (@
-i- Po)- The nef result of all these steps is that the increase ifl height is proportional to the product
of small angles and can be neglected. Thus the first matrix ray equation relates the input y value,
Yo, With the output y value, yy, as y1 =y,. The second equation is the one for the slopes. Using the

law of reflection, the incident slope, p., and the reflected slbpe, P, are related as p; - 6= Pot 6,
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front of it. Aray can enter fromthe right wwth an angle po, as shown in
Figure 14b, and intersects the pixel at a distance y above the center of

the pixel and is reflected off the pixel. At the point the Zﬁ F:E)a]rm[rs

the pixel it is a distance d=ytanO behind the surface. In go
surface to the pixel, the height of the ray has increased a distance d tan
po, =y tang tan po. After reflection fromthe pixel the ray again passes

t hr OUQ& ﬁh9p§'+”£§ a@@mbhﬁnéjﬁie%e@ﬁuhfi@uﬁ@'a@ﬂ"i 3185 makdi gfggi)’/ ﬂl@?ﬁfﬁ?&ﬂ:ﬁst gL ght

dt an(p0+20) ytanQ an(po+2B). "The hei ght has change ance
ﬁ}tﬁﬁl [tan(pe) + tan(po+20 )]. The ray matrices deal w th paraxial

rays SO at p. << x, and 0 = 10 << | SO, also a small angle. Putting the
tangent of the angle equal to the angle, the increase in height Ay = 2y0 (0
+p.). The net result. of ,all these steps is that the increase in height is
proportional Yt fheCr@dfiesi] of small angles and can be neglected. Thus the
first matri Pf @qqatzg) o | ates the input y value, ye, with the output y
val ue, vy,, i ﬁ econd equation is the one for the slopes. Using
the |aw of fl %t incident slope, p, and the reflected slope, pl,
are reI ated as - 0 = pa + g9, 17 26 FEB 200k or p, + po + 0. Conbi ni ng

t hese ERfFadS wdﬁ?ﬁ@l éhaB csa be maytioneds wherzithe discushionrcayldradsar dpply or refléwioBVD:
100Y. 0120p,, 0011 There is an addendumthat can be nentioned,
wher e affie tighetplans mirremifibxtemdisg theprby of the pifel-aritron MThusf the andtii BQchtioh aRe
mrror if extending the edge of the pixel-mrror. Thus, the matrix equation

57, aPAs 55 Aol plsp e e e e ke kgl 5 S b bt
hol d apAvdveetiRnWhd Apfex@iiibA AbEARR Holl Qidsﬁ'n@r@%ilfﬂe%‘ ih&€as@%th Jistance from the
axis.

Next, a prism with a small angle is considered, as shown in Figure 15. A prism vﬁth its
apex pointing down can be considered. The refractive index of the prism material is ». 'fhe two
large sides make small angles o, and @; with the vertical. A ray with slope p, and height }o can
come in from the right, be refracted at the interfaces, and leave. Since the angles between the
surfaces and the vertical are small, arguments like those ﬁsed previously for the mirror can be
used to show that the vertical displacement'in crossing the prism can be neglected. The first
matrix equation is then y; = y,. Snell's law can be used to derive the equation for the change of
slope. The entering ray has a slope p,. The slope of the ray exiting the surface is p'. The angle
between the ray entering the surface and the normal is p, - @p. Similarly, the angle between the
ray exiting the surface and the normal is p’ - . Snell's law is then sin(p, - ap)=rsin(p’ - &), or

using the small angle restriction, np "= p, + 2(n - 1)a,. A comparable equation can be written for

the ray as it exits the left-hand surface: p; = np+ (1 - #) .
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Next, a prismwith a small angle is considered, as shown in Figure 15. A
prismwith its apex pointing down can be considered. The ref tEYﬁaigﬂgg
of the prismmaterial is n. The two |arge sides nake small afmglFe

a, wth the vertical. Aray with slope p,, and height yo can conme in from
the right, be refracted at the interfaces, and | eave. Since the angles
between the surfaces and the vertical are small, argunents |ike those used
previ ously r.the m,rror, can b used to show that the vertical,

G Spl acenenbipinatie sk ehd defiilip e piRE kS, fod) et B Werve e Sftirioa, for she
equation is then %’ =Yy,,. Snell's law can be used to derive the equation
for thehaggapfelope by shepesmIpe=gnteti nd)a ayTheasy mastivfer tha snEHengleqpismis t he
ray exiting the surface is p'. The angle between the ray entering the
surfacthiemand the normal is po - ao. Simlarly, the angle between the ray
exiting the surface and the normal is p' - a. Snell's lawis then sin(p,,
a4)=n sin(p' - a,,)), or wusing the small angle restriction, np' = po +
2(n - 1)ao. coO aqpbleoeq ivyn can be witten for the ray as it exits
the left-hapd sufface: pz = %’ (1 - n) a . 18 2 6 FEB 2004 Eli m nating
p' and defipPnlg=18e prinsndarjpbel a = cr,, - al, we have the equation for
the change\ of) sigp® by thejpriism p2 =p 1 + (n - 1) a . The ray matrix
for the small angle prismis then: y2 1 00VY2p2=01(n-1l)apz 100
1 1 Discussion, A dual Wiite cell is shown in Figure 3 connected by a

pol ari éj ng prismbeansplitter. The mrror in the optical spatial |ight
nodul and spherical mirrors B 13 and C 14, conbined with lens fl

27, constitute one Wiite cell, hereafter referred to as Cell |I. The mrror
in the SLMAdnal Whitectlt &slshivivnrin Figule 2 4¢ounsdted bP 5 pobavizhigrpetsrbdamsplitter. fThe 26,
constitute a second Wite cel
mirror in.the optica; spatial light modulator 12 and spherical mirrors B 13 and C 14, combined
with lens f1 27, constitute one White cell, hereafter referred to as Cell I. The mirror in the SLM
and spherical Mirrors E 24 and F 25, combined with lens £2 26, constitute a second White cell
called Cell II. The distances between the SLM and Mirrors B and C are the same, and the
distapces for light reflected off the polarizing beamsplitter going to Mirrors E and F are the same.
The distance from the SLM to Mirrors E and F is greater than the distance from the SLM to
Mirrors B and C. In operation, a light beam bounces from the SLM to one of Mirrors B, C, E and
F and back again on each traverse of the cell.
The polarizing beamsplirter and the SLM determine which cell the beam goes to on each
pass. The polarizing beam splitter transmits light of one polarization, say the plane of the figure,
and reﬂecfs light of the polarization perpendicular to the plane of the figure. If the light starts out
- going to Mirror B with polarization in the plane of the figure and the SLM does not change the
polarization, it is then reflected back and forth between the SLM and Mirrors B and C.

Conversely, if the light starts towards Mirror E with polarization perpendicular to the plane of the

figure and the SLM does not change the polarization, it will continue to reflect between the SLM
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called Cell 1l. The distances between the SLMand Mrrors B and C. are the
sane, and the distances for light reflected off the polarizin

beansplitter going to Mrrors E and F are the sanme. The di stagcﬁ FEcBnZI][M
SLMto Mrrors E and F is greater than the distance fromthe SLMto
Mrrors B and C. In operation, a |ight beam bounces fromthe SLMto one of
Mrrors B, C, E and F and back again on each traverse of the cell. The
pol ar i Zind M 1RR2 B Rhd ¥t eahdVk ] ' | e _beam goes.to
on eacﬁdnapass. T%hea gb?gl? ?;zaﬁln%ﬂg%am s%lq%ete({héﬁrl&?rﬂé%%gf ggﬂl F%H{L %T'Fergbr’(e&mg the
pol ar i zat he pl-ane .of .the figure and flecgts |light of the

pol ar i g‘ﬁ"%ﬁ“’é@%‘éﬁ”ﬁéﬁ@? apgar{%asa.fl% e oynges ?&&?r%‘%/{rsf the |ight starts
out going L[%EM rror .B.with polarization in the plane of the figure and the
SLM does notlBERETEY displosugs,discysses: 3 #nt fivepopsible Hayeingfaorditions.b Joikstathel féaal t h
between the SLMand Mrrors B and C.  Conversely, if the light starts

t owar ddength phleneflzistchopnnl tarimage Mirrop Brqnde Micwok £ andovict vershaSecafd, singlar to
figure and the SLM does not change the polarization, it will continue to

r ef | ectthdftsthemditionethSifddal Senpth ¢THEn20204 chosdn kb irhageMirraEl ofito Miteoroddd Ake @
beam can be changed fromone cell to the other by using the SLMto rotate

the pl aegaoThizebqiiterhi #Ry B8 nich gytimmg]mm&@% afd CtReheIidh nhRG f&éagﬁﬁg«%]gf

di scl osure discusses a set five possible imaging conditions. Firs

vor o, ETDMR B phERE MinghE RIEICR 10 AT PEND Y 10k o, ety chijoge Xl 12
' h | M F and,vi A . _Thj '
oy be gt By belrehf oo Sitary 8 Mo B by ieed ks Mo e

lens fl _and by placin glrror E and_F. in the focal plane of lens f2. The
third EEHYFRE &R?@ﬁwg’i M & 3? i e, fogploplpee ohisaedl Mgetermithcthe requingment
Mrror C should be imaged onto Mrror E. The requirement that Mrrors B
and C Het MimensE gnddabe ipithefocal plannef Iens R adpotshtisfiasithih comditiomqui r enent  t hat
Mrrors E and F be in the focal plane of lens f2 also satisfies this '
condi tion. Theldsasto imagingragidigorsomnd iatsocstnparsblal The fouglarcahdifion T thaf & t h
condition is that the :

focal lengths of Mirrors B and C are chosen so that, in conjunction with lens f1, Mirrors B and C

image a small spot of light on the SLM back onto another small spot on the SLM. The last
condition is that the focal lengths of Mirrors E and F are chosen so that, in conjunction with lens
£2, a small spot of light on the SLM i§ again imaged back onto the SLM.

In operation, a point of light starts on a small mirror next to the SLM called a turning
mirror. The light is directed towards Mirror B. Suppose the light is polarized in the plane of the
figure so that it is not reflected off the polarizing beam splitter. Mirror B images the spot light
onto the SLM. In oné scenario, the light is reflected off the SLM and imaged by lens fl onto
Mirror C, which images it to a different spot on the SLM. It then goes to mirror B, which again

S imagés it onto the SLM. The light bouncing back and forth forms a sequence of spots on the
SLM.
I the polarization is changed by the SLM to be perpendicular to the plane of the figure,

the light bounces in a similar fashion back and forth between Mirrors E and F and the-SLM; The
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focal lengths of Mrrors B and C are chosen so that, in conjunction with
lens fl, Mrrors B. and C imge a snmall spot of light on the o]
anot her small spot on the SLM The last condition is that thfmg?am'
| engths of Mrrors E and F are chosen so that, in conjunction with |ens

f2, a small spot of light on the SLMis again imaged back onto the SLM In
operation, a point of light starts on a small mrror next to the SLM cal | ed

a turni Bfne N3f bSlhrizaliof ot HALd N r ror 8. S se I.he
l'ight i g pol arflszedzai n t+’1e pllél e %1‘1 ?ﬁ%ﬁ%g%e& o%l&’é{? Olquw’sléﬂ‘g\? ﬁoeihaééf’@d
of f the ' splitter. Mrror I mages the spot light onto_the
SLM Incgrﬁé&é%%%%??ﬁ? T PR tyo,cap E’SEE%'SGHU&EE HH@I@L&O’&WS%%‘E]E’M&UMM
fl onto, Mrror which images it to a different spot on the SLM It then
goes t oﬂﬁ?lfg}'o&‘e I§,‘°‘C“v\ﬁi fi n&ﬁ'&F’n"fslPQPE@%"sofftMW%Bt and CltivresTthe tfangjhtimteofiomi thg
back and_forth forns a sequence of spots on the SLM If the polarization

i s changkM teMirrer Bspnd baskpplup thepauntier of bounces offidipbarieand F tinesihetissit ihbe

| i ght bounces in a simlar fashion back and forth between Mrrors E and F
and t hefr@m\the $hM toddir2ordE.FEB 2004 pl ane of pol ari zation of the light can be
changed at any bounce off the SLM so that any conbination of paths in

cel | s one anohi@eriigNiecebBORRBonNSF AAGH Yr Afeht heheSrm iferl B0 Yabiohl ™

through the cell, is the nunber of bounces of rrors B and i mes
transit &gﬂgg' raki E;gad- : : C t nunber of_ bounces
off M r? ors E gﬁgﬁé tllr!rlgstMtﬁg l(%\qra gé\%’lr ?ﬁthlg%gn@%r%rﬁ ag&rgf%ﬁlgrqﬁ ‘ﬁr&g EEa“‘yE’
Consi dey the exact |ocations aof .the ofs aof I] n the SLM there are
vari ousﬁd(c%% &eel??a E(?Hstgﬁé%oéﬁ&fg Ay2BY $°ht§glsl}8é’? F@ngﬂgﬁ ﬁf?ec%‘ﬁ 8f qurypture of
curvat of ﬁ[\%r;POrs B, C E and F, and also dependi ngm(;sn t he spot size
rel at i VEITFYS EAnddy 3t syperithrosey ap thpse of Mitrersd and € se bat thespots frovh celd EsF Breand

F are superinmposed on those of Mrrors B and C so that the spots fromcell
E-F ar ealsogoduridest miththese fign belt BoS.eReferance aiill oftyBe rRefeao dreoeentrs bf Qitvatuke
made to the centers of curvature ‘

of Mirrors B and C for simplicity.

Figure 2 is a view of the SLM looking from lens fl, showing the most traditional spot
configuration. The SLM is assumed to have a square shape. Also shown are two long thin
mirrors, the input and output turning mirrors respectively below and above the SLM. For this
case, the turning mirrors are centered at distances of £2m& where m is an ihteger related to the
number of times the light is re-imaged onto the SLM and the SLM is taken to have dimension
2(2m - 1)d on a side and & is the distance below and above the optical axis, respectively, of the
projections of the centers of curvature of Mirrors B and C.

Imagine a point of light on the right end of the input turning mirror, as shown in Figure
16a, conditioned, as mentioned previousiy, to be traveling toward Mirror B. That spot is imaged

‘to a new point on the SLM located opposite the center of curvature of Mirror B and an equal
distance from the center of curvature. The position of the input spot on the turning mirror is (X0,
¥o), where y, = -2mé&. The point image is at a location opposite the center of éurvature of Mirror

B. To find that location the sign of the coordinates is reversed and 26 is subtracted because the
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of Mrrors Band Cfor sinplicity. Figure 2 is a view of the SLM I ooki ng
fromlens fl, showng the nost traditional spot configuratio The SLMis
assunmed to have a square shape. Also shown are two long thin n&ﬁrﬁ

i nput and output turning mrrors respectively bel ow and above the SLM For
this case, the turning mrrors are centered at distances of f2ma where m
Is an integer related to the nunber of tirres the light is re-inaged onto

<t ho e Shesv BRI SRR sl AT e q%hgaf@%er%g@aﬁae%alﬁvde%ﬂd )

proj ecti.ons, of th_centerf of curvature of Mrrors B and C. Imagine a point
of 1i gHigo¥ theecqrfigates woy %?e&eH%"S?qﬁE!tzéQﬂdﬁﬁinEhﬁﬁs%’fs as shown in Figure

16a, conditioned, as nmentioned previously, to be traveling toward Mrror B.
That spot {ksyihra@esl-y.t @0p=Gew#2dmt 1Ppn the SLM | ocated opposite the center
of curvature of Mrror B and an equal distance fromthe center of

curvature. T Igd$is thed réfectedDat B rSRRige@ by NMBrdr &, "MTROp&Th i,
yo), where yo —%nﬁ The point image is at g | ocati on opp05|t etie}gcgﬁ%er

of cur f;

coor di \rlltg% %E'rsn?elr?ffrc %@?’gi%f andéqq'éylug&sécgﬁ g%%gé %gi?alh 2@1 e? hgﬂlﬁ 132&;8&' ﬁtE(éz 2@071
center ,of cur vatur B,is below the.axis e light were being
" aged By Thrt 99 T 72 U1 g0 o Bechien APRIAES, W il SEmaeb duunemseibs
added. The result is (xi, yi) = (xo0, Yo - 26) (-x0, +2 6(m- 1)). The

li ght MiroreR and(G @resiléaeﬂa@s@dar{epcmonsrmfgeqcebswimtmre QGesiPhasedoas (v, xiriglee | S
opposite the center of curvature of Mrror C and anequal distance fromit.
The | oeethireimaging.h€hesaspgtideativhs are givendyy, Yo, + 46) = (xo0, -28 (m- 2)). As
the process continues, the light alternatively bounces off Mrrors B and C

and is re(x;, rﬁ}}egt1)&90@1()'!@5\52;@3))SQ@W§S(Y}BZ§QO%§5)&I‘e designated as (xn, x"

at the -th re-imaging. These spot | ocations are given by (xn, xn) _

(¢-1)" XO (fr)agéxh@a se?%@p)om'ts (f(gr ﬂn)=3xgs sfmv@l %'(lgﬁre 1%_3) The point images can be

indicated with "x"s. The images form two vertical lines at =x,. The horizontal coordinate of the

points alternates to the right and left of center. As the image number » increases, the spots also
alternate above and below the axis first moving successively towards the axis for #=1,2, and 3,
and then away from the axis for n= 4, 5, andl 6. The process ends when » = 2m =6 and the
imaged spot winds up on the output turning mirror at the top. There are 2m-1=5 point images on -
the SLM. |

| There may be gaps between "x" spots in the columns on both sides. These can be filled
by placing a second input spot at (-xo, y,). More spots can be added on the input turning mirror,
as shown in Figure 16c, at different values of Xo- A complete line‘ of spots then results on the
input turning mirror, the spots being paired at different values of +x,. Columns of spots éan fill
the area of the SLM.

Instead of a specific situation where the centers of curvature of mirrors B and C are

equidistant from the optical axis, a more general situation can be discussed. There, the centers of

curvature of the mirrors are shown on the y-axis. The center of curvature of Mirror B is at
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| magi ne a set of points for m=3, as shown in Figure 16b. The point inages
can be indicated with 'Y's. The inages formtwo vertical |ines at xo. The
hori zontal coordinate of the points alternates to the right 6216 FeEg 2004
center. As the inmage nunber n increases, the spots also alternate above
and below the axis first noving successively towards the axis for n=1, 2,
and 3, and then away fromthe axis for n= 4, 5 and 6. The process ends
when N igeatidh 30 F RO ST G . t Lur.ni m.rror
at the top%?ﬁe?gggég&ﬁ% 1=b poi Nt f%rpggqus %ﬁls%ﬁeteﬁliﬁwé%ﬁ'e@er}wqggmdéﬁg
betweerioc';'z&" spots.in the colfgl S .on botg sides. These can be filled b
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input turning mrror, as shown in Figure 16c¢c, at different values of xo. A
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being paired at different values of xo. Columms of spots can fill the area
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of mirrors B and C are equidistant fromthe optical axis, a nore general
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are shown on the y-axis. The center curvature o 'S a

FEB 20 i .The.center of _curvature of Mgrror Ci.s a distance 28
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The equation still gives two colums of spots parallel to the |ine between
t he cedfieinpyt spotir Vhe equation rddacss taxheprefides epation aheeynats Tworspecid cagdsum
to the other as n increases. In general, a distance 48 separates the spots
in a goferesan themselvdde Vof irflicifOIhd B B tak&ie nfiBRES BetwOiE tieOL s e
however, not identical wth those in the other columm’. They depend on they
val ue ' = ' S . t reduces tg the
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previ ous equati on”when cas

This is the situation for #=6. Then the y values of the spots in one column are midway between
the y values of the spots in the other column. The input spot is on the bottom turning mirror and
the output spot is on the top turning mirror. There are m - 1 reflections off the SLM.

The second specific case arises when y, is an odd multiple of &, y, = no0 (n, 0dd). Then
for each spot in one column there is a spot opposite it in the other column. The input spot is on
the bottom turning mirror and so is the output spot. There are stili n-1 spots on the SLM. This
situation can be illustrated for #=5 in Figure 17. It is possible to fill in the gaps between the spots
in the two columns. That can be accomplished by putting an input spot on the top turning .mirror
at location (x,, -¥,) with light directed towarcis Mirror C. For both configurations one can fill the
SLM with spots by using many spots on the turning mirrors.

| _.Generally, it is desired to have the spbts close together to utilize the SLM area in an
optimum fashion. If the SLM is divided into independent areas called pixels then it would be
preferréd to have one spot per pixel. Let the spot size be o. Since the spots are separated by a

vertical distance of 25, it may be preferred that o= 24, i.e. the distance beﬁween the centers of
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of present' thenselves. For sinplicity, the origin is taken m dway between
the centers of curvature so that yB+ S =0. Inthe first case y,, is an

even integer times 6, or yo = ne5 (ne even). This is the sH%@:@ﬁfngé ,

n=6. Then the y values of the spots in one colum are m dway
val ues of the spots in the other colum. The input spot is on the bottom
turning mrror and the output spot is on the top turning mrror. There are

m- 1 ctipns off.the SLM..The seco specifi g, case arises en yo is
an oddaﬁnﬁl%ﬁ'fepf’gmbqorg B %‘FQ Shﬁgd}i‘ffq!i%cffqgﬁ'ﬁg’ﬁ S@o?”@éews st 5?91%% pepaEstd m
there js a spot opposite it in the other colum. The input spot is on the
bot t onPY adistange gPin Bie honigontal directiom out put spot. There are still n- | spots
on the SLM This situation can be illustrated for n=5 in Figure 17. It is

possi bl e t 0The inimbar dfikowmagssor eievgIoV Wietak@Dfosbe edual tetht Wanbel biisots Fbad
can be acconplished by putting an input spot on the top turning mrror at

l'ocat i @p toxbbdttonPdn hé BLM, 0his Ghiye Gl ot B¥AKEASasM! Th hank-sithonR thd number of

configurations one can fill the” SLMw th spots by using nmany spots on
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turnin ' | &7 4 LT |.o t.oget her
to uti %oggeﬁg)ﬁééj MG ggl #%mgnéL%@?gﬁ%?nﬁg%%&r%?\é?# z{}'ﬁéﬁgﬁﬁt@ﬁ? g‘“d?@?&%’% ‘?ﬂt 0
I ndep areas _called pixels then it -would be referre o0 have onge
spot S@%ﬁ%&éﬁ’?y E’St g?sﬁrgg‘sp %‘i‘tzgasﬁe ELOWS 1R SPR'S %%bggm‘ﬁree %C%pé? feghpip o
vertical disfance glI 2S, it may be preferred that cF= 25, i.e. the distance
bet weeWRFRENEZaHeR <l Vi esanples FrBPORongiderpdt uFkere fcapiberssissofbspate awangeduind be
equal to the spot size. The spots may al so be separated by a distance 2Sin
t he hotolumns beingreflested oer othiin armay wHspotobeibpreficeted o fin bith cBieh/theasst bfspots dan be
equal to the nunber of spots from top to bottomon the SLM This may wel |

not bebeteflected fve timesraffiths$EMatThense bhsporirharallofvs oap af malld BBvttedRetliv Bet t om
on the SLM may be of the order of many hundreds but only tens of bounces

may befdesSI.RCcaph#ilitibat case, groups of spots can bounce back and forth in
synchroni zati on. Two exanpl es can be considered. There can be sets of spots

arranged | Nfhe time delays possible with the dual cell are also considered. As described, there are a
nuﬁber of beams, each executing n bouhces. Each beam can go to either Cell I, which includes
Mirrors B or C, or go to Cell II, i.e. Mirrors E or F. To derive the expression for the time delays,
Dgc is defined to be the optical distance in Cell I, i.e. from the SLM to Mirror B or C and back.
Degr is defined to be the optical distance in cell II, i.e., from the SLM to Mirror E or F and back.
dpc is the distance from the cell lens to either Mirror B or Mirror C, and the corresponding
distance in to Mirrors E and F to be dgr. |

Dpe=2md, + 2 dpc
- Dgr=2md\ + 2 der
Here, n) and d, are the refractive index and size of the prism respectively. As before, the light
leaving the SLM can be controlled by the polarization change ;elt each pixel to go to either cell. If
there are k=n-] total bounces off the SLM and ;i of these bounces go to Cell I, then £ - i bounces |
go to Cell I. The total time delay, T, is given by T=(1/c)((k - 0)Dpc + iDer)=(1/cY(kDge + i(Dgr -

Dpgc)). There are three items of interest in this equation. The equation has two terms. The first
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colums being reflected, or other array of spots being reflected. In both
cases the set of spots can be reflected five tines off the SLM The use of

spot arrays allows one to make nost effective use of the SLM ?@EIBLZW‘.
The tinme del ays possible with the dual cell are also considere

described, there are a nunber of beans, each executing n bounces. Each
beam can go to either Cell I, which includes Mrrors Bor C or go to Cell
I, . M.rrors express on for the tinme delays, DBC

derive tgh
s det | IR i GRapRriondl W.aeglls SnSiah . Loys thege) 1 ajways aonsiaghiim delsyad to (1/c)
Mrror B or .C and back. DEF is defined to be the optical distance in cell
11, i.emDsgipthisidevigem The mecondterm i propariipnehik i andiBCvasahlte Hiis camralldd om
the cell lens to either Mrror Bor Mrror C, and the corresponding

di st ancicrementsl party 6 prdpostivthalFtot ip ihadddBFo thBcomstahn pait, givihegdBo= +OfFcx Bpddi +
2 dEF Here, nl and dl1 are the refractive index and size of the prism

respect Dy®l Incrésinpait9dhe uhltSndrdaakY the bﬁﬁéﬁ fisie bhan Shdveha, Re gmgtb&%}] 31@((e

t he pol ari zation change at each pixel to go to elther ceI

1 LR Ll 5 GO el
T=(I/c kDBC+ i ( DEF - . There are three itens

(I nt)agngi?eni#ﬂ)ﬁ%%‘m %qedﬂ‘ai%f‘l(‘?éaéﬁméfé”&ﬁ%‘é[%l“?%)term; The first 24 2 6
FEB 2004 termis pr oportlonal to mand is constant. Thus there is always a

constant ti nhedénencrengent,(AT,cpn berbR@essed initemdofidesgn Pamneters) e, tdEN, i8d
proportional to i and is variable. This controlled increnental part, Tf,

pr opor t/h.0Dgk aﬂd)Dgg cansheadplactdiwingirevailséationard, ca thén@ elimimated {d é&h(ce@EF

DBC). Increasing i by one unit increases the transit tinme by an increnent,

AT Dsgitt
gi vglnvgeu*tg%ae géﬂfﬁﬁ gzlﬁz%%‘%r gﬁn@émg’et vvegrrl]mcglis i }%Jea %g aggrﬁycapgﬁdﬁz aﬁr @I cﬁ%de

to takegy gfeesde range of val ues.

AT= { 20n% + 1) (dac - dee) + 2 1 ([Fac! 2] - [Per! 261)

This reduces as expected. If dpc > der and f; <> /5 then Cell I becomes idéntical with Cell IT and
AT -> 0. There are k possible vatues for #, so there are & possible time delays and the maximum
incremental delay, Tjnma given by Timee = KAT. Thus the maximum incremental delay is
proportional to the maximum number of bounces. | This is improved in other designs of the
présen_t dis?losurc. |
The dual arm cell can again be extended. As before, the distances dpc and derto the pairs
of White Cell mirrors are made unequal. The optical distance from the SLM to Mirror F is made
greater than that from the SLM to Mirror E. These have the gdvantage of increased flexibility in
the choice of possible delays. The number of possible delays will go as #* where £ is the number
of bounces off the SLM.
Figure 4 is identical to the configuration of Figure 3 with the exception that Mirror F has

been replaced with Lenses G1 25¢ and G2 25b and Mirror G3 25a. Of these, Lens G is chosen
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The tinme increment, AT, can be expressed in terns of design paraneters,

d5c, dEF, A and f2. DBc and DEF can be repl aced using previo

equations.. dl1 can then be elimnated in each cell using a prévﬁoFEB 200#
I magi ng condition, witten with d replaced by dBc for Cell | and by dEF for
cell Il1. The result is AT ={ 2(nj=1f 1) (dac - dEF) + 2 nFZ ([d' ec/ 2) c]
- (a EF/ 2J2I) } This reduces as expect ed. If dBc - dEF and f 4 f2 then
Cell | omas i dentjcal wth Il _and AT 4 0. There are k possible

val ues S? n §?)“-‘PW§1°§' Witk Leng, sﬂ!ﬂ &LM ireimppgedyante dgns K12, ndkisrmns G2 is

I ncr ement aI del ay ven by T1,. = kbT. Thus the maxi numincrenental
del ay anJua%p@ﬁhtthe) ﬁ&M t geqsrﬁfz isechosamrtorimagethe glanemiiices G 1 ints Misro Gprvided
in other designs of the present disclosure. The, dual armcell can again

be ext sniteukgniication,oscethat Mérroki 68 ais wesjugiie witid it flaheoof MErBAGIS whidh Mhilie
Cell mrrors are nmade unequal . The optical distance fromthe SLMto Mrror

F h
i s mesigugdid eRMifrot FanMide G ri§) BhéRR 1S fs MehkPbf Barv stg'lﬁf)ﬁ% 'ﬂgﬂfetz

advantage of increased flexibility in the choice of po ays

1o oSk St 48 8 SERRSTAR ' B e B

of f the M Figure 4 1s 1den e con’flgur I'on

t he ex t r or F .has. bee d with Lenses Q. 25c_and &
25b an%seﬁ]eirlﬁ%%etdﬁa?glé& Yot e {Egging L%Wgt f‘g gﬁﬁ guaharpcell arepstl sapisfieds o Amhat |
in con unctj on Wi.th Lens F2. the SLMis imged onto Lens 02. Thus, Lens &
is co%‘l‘f Ve Gnfigusafign gyifh lenssss Goands G rFGE’gﬁe4 &Y | riargEs nmlspuacrind@f in_gwes 01
onto Mrror G3 with wunit magnification, so that Mrror G3 i s conjugate
with tmsﬂﬂdﬁéloﬂi#fehﬁmr,cﬂlandm vhayibs cambined ¢utnjasipglelenes M rror E. Mrror
G3 is chosen to have its center of curvature on Lens Q. The image of its

center of cOneanaineinigreveniing @ohieesfren th ediffetdnt ansit Xirh® Gat GhS & tth@tarhhe

spots bounce as mentioned previously. The imaging conditions of the dual

ar m ceddntzifigg $ehdel (HodrdG2 &ié Mitor G3. In addition to Dpc and Dgrthere is a new distance,
the optical distance Dgg from the SLM to Mirror G3 and back where Dge=2md\+2dgg, mand d,
being the refractive index and size of the prism as defined previously. Then dgg can be written in
terms of /g3 the focal length of Mirror G3 as dgg = der + 2fga. A configuration then exists with
the optical distances from the SLM to Mirrors B and C equal but the distances from the SLM to
Mirrors E and G unequal. To proceed, it is necessary to know the number of bounces a given spot
will make off the SLM. As before, the number of bounces is designated », and for the sake of
discussion it is assumed there are an even number of bounccs'. ﬁe difference in transit times
between the SLM and Mirrors B_or C and Mirror E is then set equal to the smallest desired time
increment, AT. The difference in traﬁsit times between Mirrors B or C-and Mirror G3 is set to
((n/2)y+1)AT, where AT = (1/c) (Dec - Dgc). These times are accomplished by choice of focal
lengthé for the various elements. The reason for these choices will be made apparent. Since AT is
a difference in iengths, it can be made quite small.

In examining the possible sequences of boﬁnces on the SLM, it can be assumed that the

spot starts on the turning mirror next to the SLM and goes first to Mirror B and back to the SLM.
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alternative configuration with lenses G and & replaced by mrrors is also
I ncluded in the present disclosure. Further, GL and G may be I ned into
a single lens. One main inprovenent cones fromthe different tfngcEB 2004
for light in the arm containing Lenses GL and & and Mrror G3. In

addition to DBC and DEF there is a new distance, the optical distance DEC
fromthe SLMto Mrror G3 and back where DEG+2nl dl +2dEG nland d1 being the

refractj l.nd d_size of .the prismas_.defi.ned preyj.ously. Then dEG can
be. wr i ¢ P R VO g it e SR (PO eEMigon B epetgig omttes
A config%rati,on then exists wth__the optical distances fromthe SLMto

M r r or sPBatFriior of 4l light leaving the SLihc dipon st the lighticas either gorosMirenB @
unequal ., To proceed, it is necessary to know the nunber of bounces a given
spot  wMironBk fisr foddimendiend Pomnbes off ¢he S, theriight carf gb taipitles NiisroteSiog Git ed
n, and for the sake of discussion it is assuned there are an even nunber

of bounAéisr evEhenutlibiefedl tenmees off tthafEM, thd gt cabgb e either MirdEVBaR &, Mid Rgis B
or Cand Mrror Eis then set equal to the smallest desired tine

i ncr enepduncaThalf e whé ©off RIGSrd B driRaad halfithe SnReIasiRo TR S, BnﬁrshGn d
Mrror G3is set to ((n/2)il)AT, where AT = (11c) (DEG - DBC). These t1nes

are ac i ' f ' iU nt.s.. The
eason Tap RAEGocte FRGH B oy Bes pdel NIEol"B alC WA W Bn e R amec
in lengths, it n. de qui mal I.n. exam ni ng the possi bl e sequences
of boun%cggrsc}wleflﬁge ]ﬁqﬁ/lar‘??yscgg’ S&?&%K@d{qat the spot starts on the
turning mrror next to the SLMand goes first to Mrror B and back to the
SIM 26 2 6 heptEEnst tmerion fSVRR SSERRCR 6F bowices eadhem bt expressed i fettingsi hertbe
Mrror Cor Mrror G depending on the polarization of the |ight |eaving

t he SLNumlesnf beunges offidirrorghand abe ¢he mambey@f boundes offoviBoroG. OM d,rjor (H2).

After odd-nunbered bounces off the SLM the |ight can go to either Mrrors
C or G TheAfthenumbearofibonhessestt MittoneB aall iC WAIEbSI(M2) - ahd QiR12)Ca7) répedtively.
either Mrrors B or E. The light bounces half the tine off Mrrors B or E
and halThet tistt iR fr fthdhBhees g Qhg Primd Qo Mifot Eind J times to Miror F, 7(i,/), is

given by

Tif) = (V/e) {(2)-D) Dac + iDgr + ((W2) ) Dac + jDsa }
=(1/) { nDac + iDer — Dac) +(Dee— Dac) }
Or, using previous expressions, 7(ij) = To + AT (i +j (nf2) + 1')) where T, = (n/c}Dgc. The first -
term, 7, iS a constant and represents a base minimum delay. It occurs when i = j= 0 The
progression of increasing delays is now shown. After i = 0, the next delay occurs when i=1,j =
0. i can continue to be incremented until ; = (#/2). Thenseti=0,j=1 and. start incrementing |
again. This is identical to a radix system of base (n/2). The longest delay occurs when i =j =
(n2). 1tis T{(w2), (n/2)} = AT{(n/2)* + 2(n/2)}. As predicted, the maximum number of delays
........ :iélproportional to n’.
A configuration that is optically identical to the previous configuration can be imagined,

having Lenses G1 and G2 replaced with spherical mirrors F1 and F2. As before, Mirror Fi, -in
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transit time occurs when the light always goes to Mrrors B and C and the

| ongest transit tine occurs when the light always goes to Mrrgr AJSEE@

The transit time for a given sequence of bounces can then be eﬁpg mll‘
letting i be the nunber of bounces off Mrror E and j be the nunber of
bounces off Mrror G 0 <i, Jj < (n/2). Then the nunber of bounces off
Mrrors Band Cwll be ((n/2) - i) and ((n/2) -J) respectively. The
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del ays_is now shown. After i = 0, the next delay occurs wheni =1, j = O.
i can Bymbsraidoteatpldime delayrehess thenpmber of delayoFan berpsapemtional te 2B ratherthdn and
start i nc‘zremanti ng i again. This is identical to a radi x system of base

(n12) . torie Thomyahittcatiohayn be danesin wie pasts: frstby addin@)Auxiiary sitcbfsith Be plard 8} =
AT{(n/2)2 + 2(n/2)}. As predicted, the maxi num nunber of delays is - ‘
pr opor the LM, 4nd theh addinOtithe Qela incORari$iad inl onRkti6RWith thel 8BGH& nitkBrd Mhe
previ ous configuration can be 1 nmagined, having Lenses G and” & replaced

Wi th sabetiis it hbdiRhP ofitorBdnbn i Pidhed 9'a8 n Mokl ihellonsh Rrfifich & FERLA004

conjunction with lens F2, images LM onto rror

| mages r : J ELnal | h enter. of, curvature of
Mrr orcegi ‘lﬁga%de:hot g?dé‘%?%v%/' r%soséﬁf Vﬁgled%%%ﬁlgﬁ %flﬂéﬂnﬁq’rﬁﬁn%m R
can additionally be nmodified to inprove the nunber of potential tine
del ay sl,ju%e(freo%%rer%ﬁtﬂ)‘éer maerigl P‘é‘?g‘é &4e% é’li'l g% fetmisaliting qubey callgd nawxiliamn

to W The npdification can be done in two parts: first by adding Auxiliary
M rror or Igh’ghepqagﬂgél ##is. 1s between the SLM and Auxiliary Mirror I. Lens fl has been made

larger to cover the SLM and Auxiliary Mirror I. The turning mirrors are at the left of Auxiliary
Mirror I and the SLM. |

The operation is comparable to that of the dual cell with the plane of the SLM enlarged.
The li_ght starts on the Input Turning Mirror and goes first to Cell I. Mirrors B and C image the
Input Turning Mirror spot onto the SLM. If the SLM does not change the polarization the light is
imaged onto Auxiliary Mirror I and again onto the SLM. If the SLM changes the polarization,
the light that is reflected off the beam-splitting cube is imaged onto Auxiliary Mirror II. Light
leaving Auxiliary Mirror II is similarly re-imaged back onto the SLM. Lens f1 images Mirror B
onto Mirror C and lens £2 images Mimor E onto Mirror F, as before. Other conﬁgumﬁons
satisfying the same requirements but having various advantages are also presented in the present
disciosure,

The number of bounces on the SLM, m, is chosen to be equal to the number of bits of
time delay required. For example if two hundred 'differgnt time delays are desired, that would

require eight bits, m = 8, requiring eight bounces on the SLM. The SLM surface is then divided
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the SLM and then adding tinme delay mechanisns in conjunction with the
auxiliary mrrors. The dual cell with auxiliary mrror is sh in Figure
5 as a three-dinmensional rendition of the dual cell. Added to?}lg EEeBmlr
mrrors, one over the SLMcalled Auxiliary Mrror |, and an extra —m

or other reflective material over .the edge of the beamsplitting cube,
called Auxiliary Mrror H The optical axis. is between the SLM and

Auxi | i iy mMiressuch thatesash béanh 881508 iftB@ach hreh.d ThirlyOsig @ik spdts arl Mo@Ahn

Auxiliary Mrror I. The turning mrrors are at the'left "of Auxiliary
M rrorihe @REnd B8k M Fic el ' i f ﬁgﬂ al .cell
with the pl anée of t ?uﬂe ¢ M 2% z%%g& i%g{g%gg{??ﬂsd?ggtﬁs&%%b?%eleﬁ _ éﬂfﬂqﬁ ng

M rror first t I, 1. Mcrors,.B apd C i e the Input Turning
Mrror n%g%tggﬁ?%g S%‘én %%ﬁcﬁ”‘@ﬁ%%\i‘maﬁﬁ’&"ﬂ&fﬂémg@gt he polarization the
light is inaged onto. Auxiliary Mrror | and again onto the SLM If the SLM
chgnges t h%?%’ﬁ’z%ﬁ‘#ﬁﬁ?‘h tmélem'tyﬁmbﬁarp Gag b%@h%@éa Gt 1L ppahe traverse in
beam spljtting cube is imged onto Auxiliary Mrror U. Light |eaving

Auxi | i Whigh it strikes ¢achjof the ditferant greas- Toutissushthisanpneasht snppSic\Mitens B fid C

I mages Mrror B onto Mrror C and lens f2 inages Mrror E onto Mrror F,

as befae takeDtheesanwodiStanger fodn dresSLMais iMiryornB ahld €. Sxra patdlehdgth GRNbS placdd in
havi ng vari ous advantages are al so presented in .the present discfosure.

The nufitaftiof 6f inDSIHGCETeabi arteh f RliMliaf) MirtoiaNOFRO mehol oLRUARLs r of
bits of ti rrelrﬂsell ay rgqui red. Forla?xarrpcl’e I f two ﬁungred di11£1$teﬂre n%]ﬂ!tél

del aysyfii e E@,] (R 1ritﬁ,at b 4 ' j Dl M= requiring ei ght
bounces on P’? e SLIC\!;/Iho e qu_ g%rc ggéeﬂaﬂ%age%tﬁiet%mg i '%%%8 "ghatgq%n %fﬁlgt? om
areas such that.each beamfalls. _once into , area, ,Thirty-six jnput spots
o o s R B G iSRS A s B SHiniFar paeso sl delas o
with the ugge‘r | eft hand turning mrror spot are shown on the SLM and
Auxi | i Bieyrelatipnship isogiven hp ATcT (3n/cTAd. Wosrst #y isfthet tefragtinehindexaofthedndsyrialha
beam can be changed in Cell Il on the traverse in '
which the light probagates and ¢ is the speed of light in vacuum. Thus the incremental time
increase associated with first area on Auxiliary Mirror II is A7, that with the second area is 2AT,
that with the third area is 4AT, etc. The general expression for the time delay with this approach
is T=2mDpc + AT (8 + 28 + 468 + ... + 2™V §,) where the &) describe whether the i-th delay is
added in. If & =0, light goes to Auxiliary Mirror I, if &; = 1 then light goes to Auxiliary: Mirror I1.
There is a constant delay, 7 = 2mDgc. The factor of two in front of Dpe occurs because the
distance from the SLM to Auxiliary Mirror I and back required for this case is twice the distance
from the SLM to Mirror B or Mirror C and back as required for the Dual Arm cell. There is also
an incremental delay, 7; = 2AT (& + 26, + 45 + ... + 2‘""”5,,,). The maximum incremental
delay, T/max is given by T;m=AT(2™-1). This is a considerable improvement. The incremental
length, AL can be implemented in many ways. For small time increments, blocks of material

such as glass can be added next to the auxiliary mirror. For larger time increments an optical

transmission line of the desired length may be added.
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which it strikes each of the different areas. To discuss this approach,
suppose Mrrors B and C are taken the sane distance fromthe SLM as
Mrrors E and F. Extra path length can be placed in front ogBrE pgmg
of each area of Auxiliary Mrror H The nethods of increasin h @t

|l ength w Il be presented shortly. The distance associated with the

I ncrease in. path length is chosen to be a binary function of sone m ni num
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Auxiliary Mrror is AT, that with the second area is_2AT, that with the
third AvkiliareMimer éﬂ@ thiekeesg of thedlocks precbesasrporthat thavdditionsl tiee agquived fort hi s
approach is T= 2nDBC + AT (83 + 2(53 + 483 + ... + 2(nm'')Sm where the 83
descr i the hehms itego threugh suncessiveplacks inrdmets as powefs & twolimdsi thé initalehickaess.
Auxiliary Mrror I, if 5. =1 then light goes to Auxiliary Mrror II.

Ther e Iisoperativns tienlighicinay givel beaNgRRE cithretofl @eh Gectivh éfRukiliafy MitroPfl MRC
occurs because the distance fromthe SLMto Auxiliary Mrror | and back

requi r Reeived thi Risdchidrddlsy, b b6& tBh@uﬂh%J}Mﬁ%rIBﬁ&i@cEﬂ@s Mkt g zdr)f; %;%1 ne,Of

Mrror C and back as reqU|r for the Armcell. There

ey ernt e eties odur o ﬁuvpevﬁgﬁm;ﬁ@ rip fg%*ﬁ??hiﬂ‘?fs# bassth Gl
For " o g Do B AE BoscoRatat Bt &t vk gey i awdlian binsliod

next to the aulearg mrror. For rger tine increnments an optical

t r ans nRRSSRRETS| onglasst blogks, aads recsives @ﬁglgelamlﬁ opthalgprssl thepbeam's ppigBzatpothathe
met hod of addi ng bl ocks of glass or other transparent material is shown in
Fi gur ebesn changied,the beauigeesoh Miraars Eodr Rlarid themasttotAnixikiare Mirar 8 whereiit paies

bl ocks are oriented to replace Auxiliary Mrror Il. The thickness of the
bl ock gheugh dieassuristed shatopties! disiehdeiofiied gladsodkequi red for the beans to go
t hrough successive bl ocks increases as powers of two tinmes the initial

t hi ckness. Ags before, d; and m are the thickness and refractive index of thg beamsplitting prism.

Let f be the focal length of the White cell mirrors, and let 4 be the distance from lens 2 to the
White cell mirrors E and F, as well as to mirrors B and C. The focal length /1 of cell lens 2 is set
equal to dgr. The distance d» from iens fl to Auxiliary Mirror I is divided into two parts, ', 7
filled with glass of refractive index m, and d',, filled with air. This corresponds to a
represeiitative block of glass. |

| The expressions for the thicknéss of the air, &''» and thickness of the glass, d'; are given in
terms of two parameters, the minimum distance between the lens and Auxiliary Mirror I d;
and the minimum transit time, Ty, from the SLM to Auxiliary Mirror I. They are da = 2der—
(_dzgﬂﬁ - (di/m), whjch reduces to the single cell imaging case if the material along distance d; is
changed to glass of index n; and d>a—=>d,. For that case there is a minimum transit time from the

SLM to Auxiliary Mirror [ and back. It is Tomin = (2/¢) (md; + 2dgr + da min) = (2/c) (mydy + 2dgr +
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In operation, the light in a given beam goes either to each section of
Auxiliary Mrror Il and receives the associated del ay, or goesZB EE&B 2004
Auxiliary Mrror | and receives no delay. For exanple, on a parft¥cul

pass through the cell suppose the beam s polarization is such that it

passes through the beanmsplitter. This beam goes to Mrror B or C, from
which it goes to Auxili ary Mrror |, encounters no glass blocks, and

recei veg2d49 I¢k,/ 8t BeSSiniiGn been
changed, the ebg}ryn) gée‘sﬂ?o Mrrors E{ Eﬁ%gnﬁcf%taﬁence f iuxﬁ%“ﬁl})’mi\ﬁ PeegF if |
where i Qugh the associ at ed extra optical distance of the glass
bl ock. . ?%%ﬁ%}asy}}; g‘nd n, are the thickness and refractive index of the
beam;plittin%bprlsm Let f be the focal length of the Wiite cell mrrors,
and let d belfffenjiigmsnek these rnarampiers 2the othidkpess i} tof aglassrrbkocbrmqﬁralnﬂof
as well as to mirrors B and C. The focal length f | of cell lens f2 is set

equal  t mcrtfental hienedetdyal)ce Tz, i igdven! 8@, f+ (ho(AUXilh] @RY(IMI 7,0 y 'a!nd'tﬁe total

d|V|ded|ntotwo parts, dz filled V\nthgass of refractive inde 2,
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time, T Xh ﬂ'l E%f%}%LMto AumharajﬁM rror |. They are d2,,ntn = 2dEF-
( d2EFI j fH¢ ?Sai’f o chitpagineds it ol thedimersions asckrownhemthedeaseit lifetcan
mat eri al along distance d2 is changed to glass of index nj and d2-dl. For

t hat cdsecaidiated assAB= r{izfm.n*u Y& W(@bs idh pit)i 1ERiES rsmmnipbmble&bl\ﬂlé @reMiois dgatiorMok T OF
| and back. It is Tm,, (2/c) (nidi + 2dEF+ d2, m.,) (2/c) (nidi + 2dEF

+ 30 2 the BiEB c2NOAhé Bpl;EEach {sibk bibks blotklid Food) for B&&fs:ﬁdmedémﬁ' nﬁf@edﬁlﬁ.%lﬁgg:e‘?. -

and the mninumtransit tinme occur if there is no glass,
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incremental tinme del ay .m,, 1s gl
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One approach would be to use an array of optical fibers in place of the glass blocks.

The lens transmission line provides another method of generating time delays that may be
appropriate when the delays are much longer than those allowed by the glass block method. The
situation is shown in Figure 9. There are ﬁve lens groups labeled 43a, 43b, 43¢, 43d, and 43e,
each group comprising three lenses. The plane on the right 44 is the input or object plane and is
intended to be coincident with and replace the plane of Auxiliary Mirror II. Light that was
reflected off Auxiliary Mirror I now proceeds to the left into the lens system. There are five
plénes conjugate to the plane of Auxiiiary mirror 11, labeled 45a, 45b, 45c¢, 45d, and 45e, lying at
the junctions of the five lens groups. Figure 10 shows the plane of Auxiliary Mirror II and the

five conjugate planes in three dimensions. As all the groups may operate identically, only one
group will be considered. Recall that at the input to a group and the output to a group there is a

plane conjugate to Auxiliary Mirror II (and therefore to the SLM). There are three imaging tasks
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di stance, d2, fromlens fl to Auxiliary Mrror | is given by d2 = d2, mn +
{1 /(n2 +1)}(c/2)(TL - Tjm"). By setting (T1 - Ttrar'n) = 2(wn pT E)Eeﬁﬂolf
equations can then be used to calculate the thickness of the 2(5 EI kié=
Alternatively, if all the dinensions are known, then the transit tinme can
be cal culated as AT= {2(n2 + I)/c}(d2 - d2,mn) This is conparable to the
previ ous equation for the dual cell. The approach using a glass block is

good fgifor@ed by Jﬁj eTRYfBrst thék fshasiP lt@ﬁxlé%pgl%hon Eﬂ&) wlllpﬁ'élcc{n@ﬁl@reﬁ ity

start to broaden and are vignetted by the edge of bl ock. I'n that case

ot her a::t%my f tc@ﬂ E}oach woul d be to use an array of
optica ers I n_pl ace 0 ass [ ocks. The lens transm ssion |ine

provi des a th ratln t.i me .del ays t hat may be proprlate
When t he dgf%f‘yﬁf%rpémﬂﬁ@htafkoﬂﬁé B, BROP 548 HRFES TRt 9T, planp jogicy the
met hod. The situation is shown in Figure 9. There are f|ve | ens groups

| abel RFtpM£onjigate plage. Thygl enamjﬂwﬁmer Berdorsr BalORESHHIP Jhsfoeahd ehthss.

The pl ane on the rlght 44 is the input or object plane and is intended to
be coilems, gecan be shparatdd e doth comjugdtapbnes bawx distancy 2/ This canl producghthet hat

was reflected off Auxiliary Mrror Il now proceeds to the left into the
| ens  sdesir@dimakivgy. €T @piit 208 ouffud BeFugRNplafes e telatel by RhRsifRhtioN b -1] ary
mrror |1, |abeled 45a, 45b, 45c, 45d, and 45e, lying at the junctions of

the five | R opefaBibASa IthbHro? ﬂ@ﬁb@&&é«:ﬂ%ﬁj@% ﬂéne% bepley bYvektfial bikipand

- the five conjugate p anes in three dinensio the groups may

ORer il SN TRk AlblcGo o QU YL Spag%gfa@e ﬂl%sgrﬁ&qgadelslﬁagg ik, Lhe

i nput group grou ané co eto
Auxi | ar rror n fore to the SLM . There a ee, n
ks S FiEns Lopst éﬂ? et abkps £OGFBR Rrive TG FbkineeBtis ARAd Whe
operatjon and wil | be considered i medi ately. The other two tasks deal
with [theyRlane of Aupejliary dvirorE payses threwglisit ond Graur Gk, 2ad jis Feflegied @b cpaiugese

i mage the input conjugate plane onto the output conjugate plane. The |ens
i n t helanetSarbyphe verties! stiimmimpeplatddan.coVérahé dmage dommga b bight passing through

Area II of the plane of Auxiliary Mirror II passes through Lens Groups 43a and 43b, and is
reﬂected by a mirror placed in Conjugate Plane 45b at the image of Area II. Similarly, light in N
areas III, IV,and V is feﬂected by mirrors strategically placed in Conjugate Planes 45¢, 45d, and
45e. | ‘

The length of the lens groups determines the time delays. The length of the first lens ,
group may be chosen so that the light that travels through Lens Group 1, reflects from the strip
mirror in Conjugate Plane 452, and travels back has the shortest desired time, AT, The length of
the second group is equal to that of the first group so that the transit time through gl;oups 43a and
43b and back is 2A7. The length of each successive group is then made equal to the sum of the

' _iehg'the e'f the preceding groups. The iength of group 43c is made equal to the sumn of the lengths
groups 43a and 43b. The transit time then up through Group 43¢ up to Conjugate Plane 45¢ and
back is 4AT as desired. The remaining lengths are chosen accordingly so that light passing up

through Group m to Conjugate Piane m and back has a time delay 2™ AT.
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l ens, f, can be separated from both conjugate planes by a distance 2f. This
can produce the desired inmaging. The input and output conjugate planes are
related by a nmagnification of -1. In operation, a portion of Egﬂggggg#
each conjugate plane are replaced by vertical strip mrrors. e r
correspond to the areas of the glass blocks in the previous design. This is
seen in Figure 11 mhere t he shaded areas correspond to t he nirrors Li ght

and Group AOER o s refﬁtFecte?gﬁ?%gﬁ#ﬁé%Pﬁ%% ?%Sﬁséﬁ v vehs”
Al I
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and 43b, and js reflected by a mirror placed in Conjugate Plane 45b at the
i mage BTy ig ghe coniygate Blapg nextity e kﬁ-haaﬁié@sss ofithe grpyp tarrflevt light baek teough by
mrrors strategically placed in Conjugate Planes 45c, 45d, and 45e. The
| engt hthefsysters. liewil hyrdesipablelat Baveiatiabe tipt thatmenbe tizysgh the ecﬂte'rmdgmgfieﬁm
first lens group may be chosen so that the light that travels through Lens
G oup do backftheuigh that ¢aist Mo tomplishthis] Ge left-Haadjdiga ackl@dig KPRoseRNd that
travel s back has the shortest desired tine," A T. The length of the second

gr oup wherPfhd HlarleGnitdats dﬂacefdhﬁx{ 10 lit 91%9 li'ﬁagé% thdBdntdrNénrsidnBREdE, LT n{ap augh

gLoups 43a and 43b an backfls 2AT. ' engt h of each successive group is
| engt sy mpiRY §&L?§Eﬁ ie%ﬁl?o{*h%“ i3 Pl B sk BF elbef ECE B ot R g

43b. The t anS|t time up, throu 43cu to Co ate Pl ane 45c
and’ oo HEO tens” (Tl feBy e piang Blor s R Pinait WO Bave SORGA denca eohalt e

so t hat assi ng up through Group mto Oon ugate Pl ane m and back has
ati néea@r-g%r ej{) ISQD@@::F!E&J@@MEL Reaguifivation 9% It y9ethegtthe edgesmf thestester
performed by the Iens groups, the second task involves conserving optical

t hr oudemuare ifidred dmiagade ofte etherpsdlvest Amnthentvaryeofi donsideringethd experation tof tixuiiefia
plane mrror in the conjugate plane next to the left-hand |l ens of the

gr oup Haod rlefid efites| begMisebigs fodahpdé@his on the center-imaging lens. The left-hand lens

collimates light leaving ény point on the center-imaging lens. It is still collimated after being
reflected by the plane mirror so upon return it is refocused by the left-hand lens back onto the
center-imaging lens. The left-hand lens is in actuality a field lens placed next to the output
coﬁjugate plane. Since it is next to the c_onjugate plane it does not affect the imaging of the
center lens onto that plane.

The third task performed by a lens group is again devoted to conserving light. It is to
assure that all the light entering the center imaging lens of one group left the center imaging lens
of the proceeding group. To do this, the center lens of one group can be made the image of the
center lens of the proceeding lens. This can be accomplished by properly choosing the right hand
lens of the group so that, when combined with the left-hand lens of the preceding group, the
desired imaging is produced. This can be accomplished by making the focal length of the right
hand lens equal to the distance between the right hand lens and the center lens, so that the focal

point of the right hand lens is on the center lens. Light leaving a point on the center lens of one
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the system It will be desirable to have all the light that cones through
the center-imaging lens to go back through that I ens. To acconplish this,

the left-hand I ens in each group is chosen so that when the 9l
26 PER 2008,

is placed next to it, it then inmages the center lens onto its
be acconplished by letting the focal length of the left-hand | ens be equal
to the distance of that lens fromthe center lens. The | ens and pl ane

m rror &g,n@-i ' K ole : -5 0- |
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actuality a field | ens placed next to the output conjugate plane.. Since it
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center lens onto that plane. The third task perforned by a lens group is
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entering the center imaging |lens of one group left the center imging |ens

of th INg group. To do this, the center lens of one group can be
made ?%rgﬁébqneg@e %f the center lens of the proceeding |lens. This can be

acconplished b roperly choosing.the . right hand, lens of the .group so

Chat  whenTCh IR aE i b AerRyeln s &P weith ik Semisg g IO e
desired_igfging i s produced, This can be accaonpljshed by nmeking the focal

| engt PPimatin e repjaced With ratings thay dallect gng Wavelragh Adé nyet wlcriherhesueh ghte hand
l ens and the center lens, so that the focal point of the right hand |ens

i s onBrdgg tasinge rThen der a béagh bounsing thrpugh thei White rell, the delay étrexipeniences wounld 33 2
6 FEB 2004 group is then collimated by the left hand | ens and refocused by
t he rdegpehd britd waeelength. 101 coaldtuse @ raapledaseotd progeamniretheideRgibyghhiging e t he

next group. There is one mnor exception: the first |ens
wavelength of the device. Such a cell would not require a spatial light modulator or a dual White
cell, just a single White cell with the lens train in place of Mirror A, where the SLM used to be.
There are other approaches that use tunable lasers to map delay to wavelength. In one
such approach light is projected down a fiber containingl Bragg gratings tuned for different
wavelengths. Depending on the wavelength of the beam at any instant, the light travels down the
fiber a different distance to the correct wavelength-specific grating, passing through all the other
gratings, and gets reflected back. A tunable laser or wavelength-altering element may be required
for each antenna element in this approach. |
A Deformable Mirror Device spatial light modulator (DMD) is also used in the present
' nventio-n; The DMD has the potential advantages of higher information density and faster speed. _
3ut it also has some ‘associated problems that have to be addressed. The DMD is a pixilated
ipatial light modulator. That is, the réﬂecting surface is divided into incremental image areas.
Zach image element has a mirror surface that can be independently rotated to two p'b‘s'iti‘cins: for
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in the first group inmages Mrrors E or F onto the central imaging | ens of
the first group. Wth. these three imaging conditions, a given conjugate
pl ane is imged onto the next conjugate plane and no light is IgsEE@rmlg
aperturing of the center imaging | enses. The process can be ex2e d [
nore del ays are desired with nore groups and nore areas on Auxiliary Mrror
Il and its conjugate planes. In a systemof |ens groups, alternatively
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| asers to map delay to wavel ength. In one such approach light is projected
down a the BéworCkawedmiransniiting angr tlocked statesnetla frate fastdrithareye resporek camt so
Dependi ng on the wavel ength of the beamat any instant, the |light travels
down t lebangkitleavesngdiobferveimplitati@énce to the correct wavel ength-specific
grating, passing through all the other gratings, and gets reflected back.
A tunabl e | as8Fin®k ¢ TR L : Led For each
antenna el erreﬁgt in Pﬁ?@%&%&%ach. %&r%%gﬁ%«ﬁ%ﬁ{?%e Wﬁ%‘rﬁl @%iée@ lgnpag?iegﬁmqn?sght
nodul a | L.t he present. .nvention.  The as the

pot ent %Shgwgﬁ? ageagé %)?a *ﬁslg%’en r lelrr?tf}(l)ornrirgﬁ ISW%&%IPHP%%@@H% %'SE"E}ERSSlbh:ut
it al Sﬁ. has s aésogi t ed rprﬁ,bl ens that have to be addressed. The DVD is
a pi xi FATEE Ofggf’%’ P .03 kP 15gd | 2 Bresently gvailable dayices &9 that lighigneiderft avemals
divided into increnental inmage areas. Lack image elenent. has a mrror

sur f ac® taplancaod the DMiddpeflteted| fom at givedinape telongmai £2@nThe tefleciide BndieFEB
2004 exanpl e maki ng angles of 10 with the surface. The el enents can

modul aélemetre ofl pixelstar®Burfintly RGuare, 16,m on a side with a spacing of 17um between centers,

There is a hole in the center of each image elemcnt_roughly 6um in diameter. The pixels rotate
about a diagonal. The light incident perpendicular to the paper is reflected in the +x direction.
The DMD presents an interesting pattern on reflection. To see this, compare it to a flat
niinor 47 as shown in Figure 19a. The intersection of the mirror surface with the x - z plane
makes an angle o with the x-axis. A plane wave travelling in thé z direction enters at the bottom,
is reflected off the mirror, and exits to the lower left. This is in the near field of the mirror. A
continuous reflected wavefront results as expected. Considering a plane wave reflected off the
DMD 48, as shown in Figure 19b, the imagé element mirror surfaces are all oriented in the same
direction for simplicity. The mirror surfaces do not form a continuous surface as in the case of
the extended plane mirror. As a result the field reflected off the DMD is a discontinuous set of
wavefronts all travelling in the same direction but with some lagging behind. The discontinuous
set forms an "average" plane parallel to the plane of the DMD. However, this average plane is

not perpendicular to the direction of propagation of the reflected light.
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reflected Iight by changing the input direction to one of two out put
directions. It does this by individual imge elenent. The direction change
can be transformed into an anplitude change by directing the reflected

| i ght through an aperture or directing it to sonething blockin& B! 2004
the mrror between transmtting and bl ocked states, at a rate faster t han
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result t field reflected off t DIVD|sad| ont i t of

wavef r 8 geaafrqg ’ctr%f\%ff“ﬁf%gﬂ 2 ﬂi‘%é“rga&ﬁ’eaﬁﬁl?% 1A 1BYE 4Pt ﬁ" e wepld hg no
behi nd. The di_sconti nuous set fornms an "average" 4Lﬂ)‘mne parallel to the
pl ane Brobisra (et I bactayrprolepios wing dgdDMlhaperats. anpliestiondine Whitetasll he

direction of propagation of the reflected light. 35 2 6 FEB 2004
however, it may be necessary to have light approaching the SLM from both directions.

One way to remedy the problem of the object plane and image plane not being
perpendicular to the direction of propagation is to use an associéted prism to change the direction,
as shown in Figure 6. The DMD is illuminated with light normal to its surface as before, and a
prism is placed in the reflected beam. The directions and the angles of the prism have been
adjusted to remove the angular offset of the DMD. The lens is then used in a normal fashion.

The effect of the prism can be demonstrated anatytically. To do this, a ray matrix

| description is utilized. A ray with slope p; incident on a DMD mirror/pixel leaves the pixel with

slope p1. The 3x3 ray matrix for the DMD whose mirror elements are tipped by +6is given by

yl 1 0 0 yo
pl=10 1 £28jp,
| 0 0 1 1



The fact that the elenents of the DVD do not lie in one continuous surface
makes it nore difficult at tines to image the DVMD in reflected light. The
difficulty is shown in Figure 20a. A DVD 49 at the left is anTI_-_
illTumnated with a beamfromthe right. The reflected |ight |nz inlgﬁczumih
a lens 50. Neither the object plane nor the inmage plane is perpendicular to
the direction of propagation of the light |eaving the DVD. | ndeed the
obj ect Pleafiest anfdithenthge [iheanequations pepebéreéd R te ithattiRCeqiBG thaad khipp u,l‘p%n
unity or if the lens is rotated to be parallel to the (glbj ect plane. The
mai n - priefiéctioni the pbsitioh BEtH RhyP FdmAAN: InlBAC k] AESScdH4a; : | U8 L0
P T R e e

the direction of propagation. the direction o were e

so as t LG . . at, an angl e nd.l eaving it )

per pencﬂ@ %ﬂt‘}le(\:gr o%?rﬁréuééﬁ# %%\Hé, lgléégﬁm%eﬁgb%%%ﬂfr WW?‘T teray matixgfase
no problem Trllniatl I S the way projectors using.the DVD operate. For

appl i c&RTBM oismallgnelecand index Rolselean bYi t may be necessary to have |i ght
approaching the SLM from both directions. One way to renmedy the probl em of
t he object plane and i mage pl ane not being perpendicular to the direction
of propagatifon)i § 1t oguse gan Jagspci ated prismto change the direction, as

[

shown in-Fi z; 90 The D_I\_/Bi Iflumnated with light normal to its surface
as before, dla prlsFHi %]| Bekd in the reflected beam The directions and

the angl es of!4heOpr®sm Havé\Heen adjusted to renove the angul ar of fset of
the DMD. The lens is then used in a normal fashion. The effect of the prism

can be Retumits thatieshtivnahligp@a!d Wwherk0a BMPNisSen the' RY: $RiHal Xhe B8RS RRLQL i S
utilized. Aray with slope po incident on a DVD m rror/f)li xécl @gg\%ergﬁ%cﬁé;d

pi xel wbiird, ShikRRedd di ' . 1 h mrror el nts
are tig%ed by O sdo%(iil\slﬁ&b@a&% %a@%es;@{) {1%1&( t]!{eg%l S%é%e?pﬁ%mfl%m#% 4

can be cancelled. To find the conditions, multiply the matrices for the DMD, the translation and

the prism and accept that the product be equivalent to that for the translation by itself. Thus,

0 1 d

b4 1 0 offr 0 0 |y,
p|=[0 0 ~(n-Dalj0 1 Of0 1 +20|p,
1/ \0 0 1 0 0 1\0 0 1 1

1 d +26d Y,

=10 1 20-(n-Da||p,

0 0 1 1

It is seen by taking the product that the angular offset of the DMD is cancelled if o = 28/ (n-1).
The horizontal axis is then translated upward in the y direction by a distance y; = +24d6. The axis

is selected by choosing for the position and input slope y, = 0 and p, = 0. Using these in the

has been raised by a distance y, = 244 in translating 2 distance 4. To compensate for this, set
Y"=Yrys=y2-26d. This affects only the top line in the above equation. The result is the following

matrix equation. Note that the equation has the form of a simple translation by a distance 4.
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The first of the three linear equations represented by the matri x equation

shows that upon reflection the position of the ray remains copstant and

t he second |inear equation shows that the sl ope changes direct @FBEBZQ(][]I*
Simlarly, it has been shown that for the prismthe ray matrix for ~a prism
of small angle a and index ni is given by YI1 0 0Y. P,=0 O (n-1)ap, 10 0 11
Return to the situation in Figure 6 where a DMD is on the left so that the

light is reflected upward, translates a distance d and passes through the

prism The ct 1ofdt fg.n |l e on the DMD can be cancelled. To find the
condi tions, It| natrices for the DMD, the translation and the
prismand a E t'hePpr oduct be equivalent to that for the translation

by itself. b,ﬁ,QO 12/d 0100y, p, =00-(n-1)aJ 01001 +26
p, 1001001)'00111 d+2& ya =01 20-(n-ap, Q011 It is
seen by taking the product that the angul ar offset of the DVD is cancelled

i f a =Thad(with)the reda€inbd ak&OME ;:Insﬁ&( ESmpéhshtBe ﬁlcEfyaﬂfrl th %ﬂgﬂ%&ﬁeeﬁﬂn o?%fe

direction by a distance yd = + he axis s selected by choosing f
t he pogNon and input slope yo = 0 and po = 0. Using these in the
previ ous equations, we find the output position Is yt = +2d9. This is

S B 0 S R I SR A o A
0o R ot B B8, B AT AR 0 o B o 6 s
transl ation by a distance d. 37
spherical Mirror C 35. There are two paths, depending whether a given pixel reflects light up or
down. For light reflected downwards there are prism P 37, lens /2 38 and Spherical Mirror B 39.
For light reflected upward, there are Prism P, 32, lens /% 33 and Mimor M 34. The prisms
counteract the angular effects of the DMD as described.  Of the two sets of conditions, the
SLM-imaging conditions, and the light- comerﬁng conditions, it is simpler to consider the
Iight-coﬁserﬁing conditions first. The light-conserving conditions are that Spherical Mirrors B,
C, and M be imaged onto each other and nb light is lost going around the outsides of Mirrors B,
C or M. This is accomplished by placing Mirrors B, C, and M in the focal planes of Lenses s fis
and /4 respectively.r The curvatures of Mirrors B, C, and M are all chosen so that in conjunction
with lenses /2, /1, and /% the DMD is imaged back onto itself. As has been shown, images of the
centers of curvature of Mirrors B, C and M through Lenses f;, /5, and / lie on the DMD. The
result is the equivalent of the dual cell in Figure 3 with equal arms. The light can go from Mirror
C to Mirror B and back or from Mirror C to Mirror M and back depending on the state of a given
pixel. The DMD decides between the two paths on any particular bounce.
For the DMD imaging conditions, Lens f; can Be chosen to image the DMD onto Lens f;

and the radius of curvature of Spherical Mirror D chosen so that its center of curvature is on Lens

fa. Asaresult, light coming from the DMD is imaged by Lens £ onto Lens f;, then re-imaged by
38



2 6 FEB 2004 Ytl . d Oyo pi0 1 Op, 10 0 11 Thus, with the redefined axi s
the prism conpensates nicely for the angul ar deflectron of the DVD. The
equi val ent of the Dual Wite Cell with unequal arns using themﬁg 2%%
in Figure 7. There the DVD. 31 is at the left and to the right o

are lens fl 36 and spherical Mrror C 35. There are two paths, depending
whet her given pixel reflects light up or down. For I|ight reflect ed
dovmwarstpélethwérMnatrrerbaCkmlﬁda 1375 /1 end idg&B barcknSph eratlc alntdVitsElOras E%e&nﬁred For
light reflected upward, there are PrismP2 32, lens f2 33 and Mrror M 34.

The priBmuivaladynsiecadic deher af gutvaturebf Sphdrical Mlﬁe: @%@ieﬁ’@ﬁ, ft' iBefhagdd bi N
two sets of conditions, the SLMimaging conditions, and th I ght -

conser\ueﬁgf%ﬂgﬂkrmasrg diregSi npl er -to consi der the i ght - conservi ng
conditions first. The %t conserving conditi ons are that Spheri cal

M h oth Ligh | ‘
N ound t b ou°g@'§§%f°”&%ﬁrréﬁ?%?§ﬁ%”t%ﬁﬁvﬁtrﬁ&rﬁ% SE 'n&nérg's B oieler og

Mrrorg B G.and Min the focal gnes, of ensesf2 and f2 .
respect| PYres & imgsd oo, Apkiplda ﬂgef %Q\’""r Jiositign "&“"%ﬁ‘as R ér“é,mﬁlgl mirass dikas pixehat
in conjunction.  with |enses , £, and f2 the DMD is inmaged back onto

i t sel f dagcth ghe Beiio Snbepical Mmgeé‘l ohigihghendmages & onfo & pixehinitle bip” Mositions B,
C and Mthrough Lenses f , f2, and f 2 lie on the DMD. The result is the

equi valléawpixsl theneditkets| the dight to rSpEergwl dMiBroni3t hwisigh &hages it backhe the WMDC ahed O
fromMrror Cto Mrror B and back or fromMrror Cto Mrror Mand back

dependiiply isRowhensitet@ e ‘Gn Biew@R", ThBhoicebE HIMPILEBMIS fr &a?éc‘é'?&ﬁ%{rggg Fﬁ e

pat hs on any particul ar bounce. For the DVD i maging conditions

be chosgk ]%/Ié?h b@ﬁ%ﬁcﬁ%%ﬂ%ﬁgm deherid Ui }1??35 %g{out%e%n Cur V& %épge Qf

Spheri cal rror D chosen so t Its center curvature

As a refthisg éﬁcggﬁckqgw f35 ofp ctarq %re'cﬁte'd@oqg (%hebaﬂ-ray s own in %Sm% %n SAizter

then re-1nmag
the last bounce off Spherical Mirror 35, the light goes to Spherical Mirror 39 andl to a pixel on the

DMD which is in the "up" position and directs the light out of the cell.

The distance from the DMD to the lenses fi, £, and /% is designated d,, and the focal
lengths of Lenses f;, f, and f; can be taken to be equal. Starting from the turning mirror pixel,
light travels a distance 4(d, + £}) to Sr;:herical Mirror B and back and then to Spherical Mirror‘C :
and back to get “into the-system". The light can go either to Mirror B and back and to Mirror C
and back, a distance of 4(d, + ;) or it can gorto Mirror D and back and then to Mirror C and back,

a distance of 4(d, + fi) + 8fi. To exit the system, the light goes to Mirror D and to the turning
pixel, a distance of 2(d, + f]) + 8f;. Then if there are m bounces, m of which are switched to

Mirror D, the expression for the transit time through the cell is
T=(Ue)H{4(do + /1) + (m-ma)d(do + 1) + m2d(do + f1 + 2 fa)) + 2(da + /i + 2 f3)} = To + mpAT

where the constant part, T;,and the adjustable part, AT are given by
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38 2 6 FEB 2004 Spherical Mrror D back onto Lens f4 and imaged by Lens f
back onto itself as required. Equivalently, since the center of curvature

of Spherical Mrror lies on Lens f , it is imaged by Lens f t
as required. In operation, light comes in froman input sour«ngEI&B/QZQUE

unit. Light fromthe outside source is imged onto a pixel in the "down"
position which acts as a turning mrror. That pixel directs the light to
Spherical Mrror 34 which then images it onto a pixel in the "up" position.
The pixel then directs the Iight to Spherical Mrror 35 which imges it

back to t¥e=VEN6(Hhe fi)l+ QAL+ md(dyavigonsi dered to be "in the unit". The
choices of tip of the DMD to direct to light to the short path of
Spherical Mrror 34 and back to Spherical Mrror 35 or to the long path of
Spherical Mrror 39 and back to Mrror 35, as can be appreciated fromthe
array shoys (Iil angyge 7. After the |ast bounce off Spherical Mrror 35,
the Iight goes f)herical Mrror 39 and to a pixel on the DVD which is in
the "up" position and directs the light out of the cell. The distance from
the DMD to the lenses f , f2, and f2 is designated do, and the focal

| engt hs_of Lenses f1, f2, and f 2 can be taken to be equal. Starting from
t he t ulhf HEeinerementys «He)8m fi agid theneavems choickssasdrefare4(do + f1) to Spheri cal
Mrror B and back and then to Spherical Mrror C. and back to get into

t he- syst enf Thathénary gbll of Figuwe Seistdoasidéred Mekr, GvittBailiarh af#roaidnd @ dybdnk @5 C
and back, a di;stance of 4(do + fl) or it can go to Mrror D and back and

then t mhﬁdmg)ﬁxsﬁnam Thacluivalei 6f FiBGR Plvith (B0 avkifidn) rtir®ktis s-ﬁewﬁ)ﬂa

system the light goes to Mrror D and to the turning pixel ance of

2(do +Ffohre's BfdbrivdD &8 the i\fa’l Qﬁgrcgll H]aﬁ? e Iﬁ@DOfl'hEAaf Sl ag Egl? e%alt 0

Mrror t he expressmn tran5|t I me” throug e cel

() B ot oS3l A BB s

given &Xm %ack onto itself. The transition to DMD-based optics has been made. All that remains is to
add the either the glass blocks or the optical waveguide. The area of Auxiliary Mirror' I can then
be divided into strips. Auxiliary Mirror I can now be removed and replaced with: the glass
blocks or the lens waveguide. In Figure 11, chiliary‘ Mirror II has been removed and replaced
with the entrance to the lens waveguide. The operation is the same as described in the dual arm
binary device.

The preferred embodiments herein disclosed are not intended to be exhaustive or to
unnecessarily limit the scope of the invention. The preferred embodiments were chosen and
described in order to explain the principles of the present invention so that others skiIléd in the art
may practice the invention. Having shown and described preferred embodiments of the present
invention, it will be within the ability of one of ordinary skill in the art to make alterations or
modiﬁcatibns to the present invention, such as through the substitution of equivalent materials or
structural arrangements, or through the use of equivalent process steps, so as to be able to practice

the present invention without departing from its spirit as reflected in the appended claims, the text
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2 6 FEB 200% To=(1/c) (6(d0+f)+8 f4+md(do+f)) ET=(1/c)8nkf4 The tine
increment is (llc)8n2 f and there are n2 choices, as before. _They binary
cell of Figure 5 is considered next, with auxiliary mrrors éhs Eﬂgq&gggor
extendi ng di stances. The equivalent of Figure 5 with the auxiliary mrrors
is shown in Figure 8. Figure 8 is -derived fromthe equal armcell nmade
with the DVD, The difference is that Spherical Mrrors B and M have been

r eal i griéyd teashing.af whiegh pierherebyiineagpatatedthy referense hiteimar If intherinteatior ttheeeford, han
back onto itself. The transition to DVD-based optics has been nade. Al

t hat r émdinristhe snientionidnlytas islidararbytthe s@ipe s thl Qaiies and eflieaient igdor,

wavegui de. The area of Auxiliary Mrror |l can then be divided into
strips. Auxiliary Mrror Il can now be renoved and replaced with the gl ass
bl ocks or the lens waveguide. In Figure 11, Auxiliary , Mrror Il has been

removed and replaced wth the entrance to the | ens wavegui de. The
operation is the sane as described in the dual arm binary device. The
preferred enbodi nents herein disclosed are not intended to be exhaustive or
to unnecessarily limt the scope of the invention. The preferred

enbodi nents were chosen and described in order to explain the principles
of the present invention so that others skilled in the art may practice
the invention. Having shown and described preferred enbodi nents of the
present invention, it will be within the ability of one of ordinary skil
in the art to nake alterations or nodifications to the present invention,
such as through the substitution of equivalent materials or structural
arrangenents, or through the use of equival ent process steps, so as to be
able to practice the present invention wthout departing fromits spirit
as reflected in the appended clains, the text 40 26 FEB 2004 and teachi ng
of which are hereby incorporated by reference herein. It is the intention,
t her ef or e, _
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tolimt the invention only as indicated by the scope of the clains and
equi val ents thereof. 41 2 6 FEB 2004 What is clained is: 1. An apparatus
for optically generating time delays in signals conprising: (e i

| i ght source, said input |light source adapted to generate at 26@?%%04
i ndi vidual |ight beamfromat |east one direction; (b) an input mrror
adapted to reflect said at |east one individual |ight beam (c) a plurality
of opt i Whttietlsimesdtis: configured so as to define a plurality of possible
light paths for each said |light beamreflected by said input mrror; (d)

at | east. AReppains BiopicaR! krtatRl R Yel3d a05ghIS So@sdiid:Ct the di vergence
of a light beamdiverted by said optical elenents through at |east one of

id ligh in SSRAL I Al i 3.
From anang <31 FPaCerd soRat.2ld inblisnl Rkt A I EBlhel B B4 060 il

said optical e ; output mrror adapted to reflect each said
i ght beam errgfrl% ngélﬁrﬁggnéétal? tgﬂflﬁg%ﬁtmnel enents; and (g) at |east one

recei vi ng dgvi ce. adapted to r(ﬁcei e a said |light heamreflected by said
out put ni rr &) ZAPHIRITATAARPted, I redectsaid et legst ope dndividualilighy beamy appar at us
according to claim] wherein said optical device is adapted to generate an
array of | {ghs Piyeadivs of gption) elgmrntnendigursd sp @b e define a2 pluralityvifarossibledipht]
input mirror is adjustable. 4. An apparatus according to claiml wherein
sai d plural it ypattis foptachahiddighmbeirs réflected bg ciid ngut efirrot;he group consi sti ng
of mrrors, |lenses, gratings, and prisns. .5. An apparatus according to
claim1 whe(d)idl leat dn® wMiisitg bpedal iefenialt B&dpldl & relirict\MARRRIRALS 0P IRHAI NY
S

0
to claiml additionally conprising at |east one system of wavegui des,
beam diverted by said optical elements through at least one of said light paths;

(e) a épatia.l light modulator adapted to select a path from among said light paths for each
| pass of a said light beam through said optical elements;
(D an output mirror adapted to reflect each said light beam emerging from said optical
| elements; and |
(g) at least one receiving device adapted to receive a said light beam reflected by said

output mirror and determine the delay in the light beam.

An apparatus according to claim 1 wherein said optical device is adapted to generate an array

of light beams. |

3. An apparatus according to claim 1 wherein said input mirror is adjustable.

4. An apparatus acco.rding to claim 1 wherein said plurality of optical elements is selected from
the group consisting of mirrors, lenses, gratings, and prisms.

5. An épparatus according to claim 1 wherein said output mirror is adjustable.

6. An apparatus acc;,ording to claim 1 additidn_ally comprising at least one system of waveguides,

said waveguides adapted such that the lengths of a plurality of said light paths may be varied

in a fixed space comprising a subset of said optical elements.
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sai d wavegui des adapted such that the lengths of a plurality of said |ight
paths may be varied in a fixed space conprising a subset of said optical

el ements. 42 2 6 FEB 2004 7. An apparatus according to claimg2 fufeE® 2084 d
spatial |ight nodul ator consists of a polarizing spatial |ight nodul ator
adapted to change the polarization of a said |ight beam directed to said
spati aé | {ght nodulator. 8. An apparatus according to claim7 additionally
conpri $i réf? £PPRIAHS spAcerding do ddeime d  sbarsine gaidospatinle ighta medutitdri gisishe affsa
along a said |ight path depending on the polarization of the Iight beam 9.
An appar dolasizing: spatiah fighomotualator hdupted ¢b Rhame ths palariahtion ghh safidlibiatihm
consists of a deformable mrror device spatial |ight nodul ator adapted to

reflect alisaiedtd saidhspdrizbliphtandiulatbreast one of said plurality of |ight
paths. 10. A method for optically generating tinme delays in signals, said

met hod cgpggri sing the steps of, a) nodulating an input signal onto an
opti cab FRPapuISAcsarding W alaimophedditienalix samprising g beam spliing devise hdapted to
optically generating time delays, said apparatus conprising: (i) an input
mrror adHgeletsaid llggf bearus glang somid tight feeladepeniding an theuokdridayion bof #Rs jig@l

el ements configured so as to define a plurality of possible |ight paths
for sai dbeghi cal beamreflected by said input mirror; (iii) at |east one
ref ocusing optical elenent adapted to restrict the divergence of said

opti cad g?ﬁm di verted é}gsai d optical elenents through at |east one of said
|i ght “*pAth8PParatyy agcording 1 claign whsaeinasad spetiadt bight troodwater teonsigtat of &r om
among said |ight paths for each pass of said optical beam through said
opti cal ép@ﬁﬁg%qlg migey device spatial light modulator adapted to reflect a said light beam to at

least one of said plurality of light paths.

10. A method for optically generating time delays in signals, said method comprising the steps of:
a) modulating an input signal onto an optical beaxﬁ;
b) passing said optical beam through an apparatus for optically generating time delays, said
apparatus comprising: |

i) an input ﬁﬁrror adapted to reflect said optical beam;

(i) a 'plurality of optical elements configured so as to define a plurality of possible
light paths for said optical beam reflected by said input mirror;

(iii)  at least one refocusing optical element adapted to restrict the divergence of said
optical beam diverted by said optical elements through at least one of said light
paths;

(iv)  aspatial light modulator adapted to select a path from among said light paths for

- e.ach pass of said optical beam thrﬁugh said optical elements; and
(v) an output mirror adapted to reflect said optical beam emerging from said set of

optical elements; and
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(v) an output mrror adapted to reflect said optical beam enmerging from

said set of optical elenents; and 43 2 6 F E B 2004 c) domcgg;;g}g{zﬂﬂ#

said optical beamto an output signal. 11. A nethod according

additionally conprising the step of adjusting said input mrror to
appropriately direct said optical beaminto said set of optical elenents.
12. A nethod according to claim 10 additionally conprising the step of

adj ust i ng)sdoeneohypartingisaid opticabbeappiocmrduaie lsignell. r ect sai d optical beam
energing fromsaid set of optical elenments. 13. A nethod according to claim

10 addiiiQnatthyd aed@ding b E1diMe1 6 haditiehalyeEehidill B StePRE | Mlstin® 887 input
refl ected by said out p%t mrror and detg‘ram' nﬁgﬁai d dﬁe)l ay.ﬁif4u.1§A rreatnﬁgd

accordin | [ N.:5al addj 14 I ri ses at

east  ondmiy & Bl Blrkcc 8 bHoARRAL SRR b R lerkBRR | 20 P

|l engths of a plurality of said 1ight paths may be varied in a fixed space
conpri $2.ny nsetbatb aatordifig s@ckim 30 adliticnalipreotprisibg. thévstepprfaadinsting asaiboatpg t 0
claim 10 wherein said spatial |ight nodul ator consists of a polarizing

spati al Irhigfk tdBshbpHdly aReiR s obficat Bed michfing Goal datbdet 6flofticaPelembsfts.
optical beam directed to said spatial |light nodulator. 16. An apparatus
according to claim15 additi-onally conprising a beamsplitting device

adapt e#- A snaghadeascording fajclainm 10 addisienaily comprising dhe) step Hreqeining geidegnticaly on
the polarization of.the optical -beam 17. An apparatus according to claim
10 wher eitearmaefliecsqabityi smaid dutpghttmimodanddaerminingissidsletfy. a def ornmable mirror
devi ce spatial light nodul ator adapted to reflect a said optical beamto at

| east ?fPeA %Iethso%l éjcc rld?rggatlol ctlavjrno{O lwlhgxba&n Qe%(ti rét?aj)arf{taﬁs additionally comprises at least one
system of waveguides, said waveguides adapted such that the lengths of a plurality of said

light paths may be varied in a fixed space cdmprising a subset of said optical elements.

15. An apparatus according to claim 10 wherein said spatial light modulator consists of a
polarizing spatial light modulator adapted to change the polarization of a said optical beam

directed to said spatial light modulator.

16. An apparatus according to claim 15 additionally comprising a beam splitting device adapted
to direct a said optical beam along a said light path depending on the polarization of the

optical beam.

17.An apparatus according to claim 10 wherein said spatial light modulat_or consists of a
deformable mirror device spatial light modulator adapted to reflect a said optical beam to at

Ieast‘ one of said plurality of light paths.



